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ABSTRACT 

 

Increased intake of dietary fibre (DF) is preventive against widespread, diet-related 

diseases. With growing scientific evidence for their health-supportive effects and with 

increasing consumer demand, more and more fibre-enriched products are available on the 

market. Among many possibilities, cereal bran fractions are the most promising DF-sources. 

With cereal fibre enrichment it is possible to increase the nutritive values of food, but, at the 

same time, DF incorporation provokes a pronounced decrease in consumer acceptance 

hindering the increase of DF intake in the population. A great challenge in the development 

of fibre-rich food products is the incorporation of DFs into existing food systems with 

minimizing the negative technological effects and retaining consumer acceptability.  

 

The aim of the present work is to make a contribution to the development of marketable 

fibre-rich food products and to the understanding of the structure-function relationships of 

cereal fibre components. The research focuses on the examination of a newly developed, 

industrially produced aleurone-rich flour (ARF). The applicability of ARF in pasta and 

bread production and the oxidative modification (hydroxyl radical (•OH) oxidation and 

enzymatic crosslinking) of its most abundant non-starch polysaccharide component, 

feruloylated arabinoxylan (AX) were investigated. Pasta and bread model products were 

prepared with standard laboratory procedures. Compositional measurements (crude protein, 

crude fat, ash, soluble and insoluble DF content, AX content) textural characterization, 

(firmness, adhesiveness, extensibility of pasta; Texture Profile Analysis of bread), sensory 

evaluation (Descriptive Profile Analysis) and consumer acceptance tests (hedonic scale for 

pasta; penalty analysis after consumer segmentation for bread) were carried out. AX was 

extracted from ARF; •OHs were generated with the Fenton reaction; AX crosslinking were 

induced with peroxidase/H2O2. The formation and the effect of •OHs on AX were 

investigated by means of electron paramagnetic resonance and viscosity measurements in 

aqueous AX solution. •OH-treated and enzymatically crosslinked (POD) AX samples were 

prepared and examined for structural (molecular size, ferulic acid content, A/X ratio), 

health-related (bile acid-binding capacity), and techno-functional properties (4 g/100g AX 

containing wheat flour tested with micro-doughLAB and Rapid Visco Analyser). 

 

Based on its high protein content it was assumed that ARF was rich in aleurone layer and/or 

in subaleurone cells. It was demonstrated that ARF was a promising basic material in value-

added food production: it was usable for bread and pasta production with standard 

procedures, without applying any flour improver additives. Its addition improved the 

nutritional balance compared to conventionally consumed products: it increased the DF and 
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protein content at the expense of readily digestible carbohydrates. My results suggest that 

ARF addition provides considerably more beneficial composition than wholemeal products. 

Cooking and textural characterisation showed that ARF addition did not provoke poor 

quality characteristics (lower firmness, higher adhesiveness and cooking loss) that were 

generally observed for fibre-rich fraction addition. According to my assumptions, this 

behaviour was caused by the particular properties (high protein content, high fat content, 

and fine particle size) of ARF. Based on these results it can be assumed that ARF is more 

applicable in value-added pasta production than wheat bran fractions or wholemeal flour. In 

the case of bread, ARF addition led to reduced loaf volume and height, changed outer 

appearance, darker crumb, altered texture, more intense, sourer odour, bitterer, sourer, more 

rye-like flavour, and more intense after- and off-taste. Penalty analysis showed that the too 

intense odour, flavour, and bitter taste and the too weak sweet taste were associated with 

decreased acceptability of bread made of aleurone-rich flour (AB). AB’s sensory properties 

that negatively affected the acceptability might be eliminated with specific ingredients (e.g. 

the lack of sweet taste with natural non-sugar sweeteners) and AB quality might be 

improved with fibre modification processes e.g. with endoxylanases. The complex 

evaluation of the products, the understanding of the relationship between their composition 

and techno-functional behaviour provides a strong basis for future product development. 

 

Besides the examination of ARF in complex food systems, its most abundant non-starch 

polysaccharide component, AX was also examined. The effect of •OH oxidation on AX was 

investigated for the first time. It was demonstrated that •OH oxidation did not induce ferulic 

acid dimerization and consequently gelation processes in aqueous AX solution, although the 

examined AX sample was capable of gel formation upon enzymatic oxidation. Instead of 

gelation, •OH oxidation provoked viscosity decrease in AX solution, which resulted from 

the oxidative degradation of the polymer. The degradation could be enhanced with a higher 

concentration of oxidizing agents and by increased temperature. •OH oxidation did not 

affect the bile acid retention of AX, whereas crosslinking significantly enhanced this 

property, presumably due to the bile salt retention-effect of the gel structure. This result 

suggests that crosslinked AX has increased cholesterol-lowering effect compared with 

native AX. The effect of AX oxidation on pasting properties and on dough development of 

flour was presented for the first time. •OH-oxidized AX caused significantly lower, while 

POD caused higher water absorption than non-oxidized AX when added to wheat flour. 

•OH-oxidized samples decreased, POD increased the viscosity parameters during RVA 

measurements compared with the addition of non-oxidized AX. Besides the understanding 

of the effects of oxidation, these results also support the interpretation of the AX’s role in 

the complex flour system, as well as might open up new prospects for the utilization of AX 

in food matrices. 
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1 INTRODUCTION 

 

There is growing evidence for the beneficial effects of dietary fibre (DF) components on 

human health. Increased intake of DF is considered to be health supportive and preventive 

against a number of widespread, diet-related diseases including coronary heart disease, 

stroke, hypertension, diabetes, obesity, certain types of cancer, and gastrointestinal 

disorders. With an increasing scientific and consumer demand, more and more fibre-

enriched products are available on the market. An obvious and desirable effect of fibre 

enrichment is the increased content of nutritionally valuable, healthy components. However, 

fibre incorporation also causes modified techno-functional and sensory properties in food 

materials, which often lowers consumer acceptability of such products, hindering the 

increase of the DF intake of the population. One of the greatest challenges in the 

development of fibre-rich food products is the incorporation of fibres into existing food 

systems with minimizing their negative technological effects and retaining consumer 

acceptability. Careful selection of fibre sources, developing new processing techniques and 

new fibre modification procedures are equally important. 

 

Among variable possible fibre-sources wheat bran fractions rich in bioactive components 

offer the greatest prospects for fibre incorporation. Although modern milling technologies 

are able to produce milling products that contains different anatomical parts of the wheat 

kernel in different proportions, the main product of the milling industry is refined flour. The 

fibre-rich cereal bran is considered to be a by-product and mainly used as livestock feed or 

energy source. The food-purpose utilization of this nutritionally valuable fraction would be 

greatly beneficial in an economical point of view and would also enable the better 

utilisation of the dietary potential of the whole grain providing health-support for a wider 

part of the society. One of the approaches to improve the techno-functionality of wheat 

fractions rich in fibre is the application of special milling processes. These processes aim 

the beneficial modification of the bran fraction and the separation of the negative and 

positive elements. In most cases the aim is the production of wheat bran milling fractions 

that do not contain the outermost layers of the kernel since these layers are considered to be 

responsible for the adverse technological effects of fibre addition. Inner layers of the kernel, 

mainly the aleurone layer are supposed to have better functionality than the whole bran. 

These tissues, particularly the aleurone layer containing high amounts of bioactive 

components, are considered to be the major contributor to beneficial health effects 

associated with whole grain consumption. 
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Besides the examination of complex fibre-rich milling fractions, there is also a need for the 

evaluation of DF molecules individually since each of them has different health-related 

effects and technological properties. The improvement of the techno-functionality of a 

given fibre component with enzymatic/chemical modification might provide valuable 

knowledge about the fibre component itself and can contribute to the improvement of fibre-

rich fractions at the molecular level. Modification of feruloylated arabinoxylan (AX), which 

is the most important fibre component in wheat, has been widely investigated. The best-

studied approach is the endoxylanase-mediated hydrolysis of AX, which is routinely applied 

in the bakery industry. Besides, there are oxidative enzymes (laccase, peroxidase) that 

enable the oxidative crosslinking of the AX backbone through ferulic acid dimers resulting 

in a gel structure, which has considerably different functionality from the native polymer. 

Another effective tool for structural and functional modification is hydroxyl radical (•OH) 

oxidation of carbohydrate polymers. •OH oxidation of cereal beta-glucan has been 

examined comprehensively, and it has been found that •OHs provoke polymer degradation 

and other chemical changes. It was suggested by the literature that the oxidative treatment 

of beta-glucan improved its health-related properties, namely its bile-acid binding capacity, 

suggesting an increased blood cholesterol-reducing effect. It was also demonstrated that 

oxidation alters the techno-functionality of beta-glucan. Studies on •OH oxidation of other 

carbohydrates are scarce; the direct •OH oxidation of AX has not been investigated yet. 
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2 AIMS OF THE THESIS 

 

The general aim of the PhD thesis was to make a contribution to the development of 

marketable cereal fibre-rich food products and to the understanding of the structure-function 

relationships of cereal fibre components. First, an industrially produced special milling 

fraction, aleurone-rich flour was examined comprehensively in order to reveal its potential 

in pasta and bread production. Second, the oxidative modification of the most abundant 

fibre component in aleurone-rich flour, AX was investigated. 

 

 

The detailed objectives of my thesis were the investigation of 

 

1. the nutritive values of pasta and bread products made of aleurone-rich flour in 

comparison to conventional refined products,  

 

2. the effects of aleurone-rich flour addition on pasta quality (cooking quality, textural 

and sensory properties, and consumer acceptance) in comparison to conventional 

pasta, 

 

3. the effects of aleurone-rich flour addition on bread quality (loaf volume, textural and 

sensory properties, and consumer acceptance) in comparison to conventional bread, 

 

4. the effects of hydroxyl radicals on structural properties of cereal AX (viscosity in 

aqueous solution, molecular size, ferulic acid content, A/X ratio), 

 

5. the effects of hydroxyl radical oxidation and oxidative crosslinking on the bile acid-

binding capacity of AX, 

 

6. the effects of hydroxyl radical oxidation and oxidative crosslinking on the techno-

functional properties of flour with added AX (dough forming and pasting properties 

in model flour system).  
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3 BACKGROUND 

3.1  Dietary fibre (DF) 

 

DF is one of the major food components. It consists of a wide range of plant-derived or 

synthetic carbohydrates that cannot be hydrolysed by human digestive enzymes in the small 

intestine (Codex Alimentarius Commision, 2009). There is growing evidence for the 

beneficial effects of DF components on human health. Its increased intake is considered to 

be health supportive and preventive against a number of chronic diseases including cardio-

vascular diseases (coronary heart disease, stroke, hypertension), type-2 diabetes, obesity, 

colorectal cancer, and certain gastrointestinal disorders (e.g. diverticulitis, constipation, 

haemorrhoids) (Anderson et al., 2009). The proposed mechanisms of action to explain the 

observed health benefits of DFs are as follows: 

 

 DFs increase the volume of faecal bulk and the frequency of defecation; reduce 

transit time and intra-colonic pressure (preventive against gastrointestinal disorders, 

colorectal cancer). 

 DFs promote satiation and satiety while having low energy density. By increasing 

viscosity and forming gels, viscous DFs expand the unstirred layer and set back 

carbohydrate absorption by making them less accessible to digestive enzymes and 

by reducing contact with the intestinal mucosa. This seems to elongate the sensation 

of fullness (obesity). 

 By slowing down the absorption of carbohydrates, DFs reduce the glycaemic 

response (type-2 diabetes). 

 DFs reduce the serum cholesterol level by (cardio-vascular diseases, colorectal 

cancer) 

o delayed absorption of cholesterol 

o lowering the level of circulating triglycerides 

o preventing bile acid re-absorption from the small intestine, which leads to an 

excess faecal bile salt excretion and accelerates the transformation of 

hepatocyte cholesterol into bile acids. 

 DFs stimulate the growth and the diversity of beneficial human microbiota 

promoting bacteria that produces short-chain fatty acids (SCFA) and stimulate the 

immune system (colorectal cancer, cardio-vascular diseases, gastrointestinal 

disorders). (Anderson et al., 2009; Gray, 2006) 
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Table 1  
Proposed constituents of DF 

Constituent Main food source 

Non-starch polysaccharides and non-

digestible oligosaccharides 
 

Cellulose Vegetables, woody plants, cereal brans 

Hemicellulose Cereal grains 

Arabinoxylans  

Arabinogalactans  

Pectins Fruits, vegetables, legumes, sugar beet, 

potato 
Beta-glucans Grains (oats, barley, rye, wheat) 

Gums Legumes, seaweed, micro-organisms (guar, 

locust bean, carrageenan, xanthan, gum 
arabic) 

Mucilages Plant extracts (gum acacia, gum karaya, gum 

tragacanth), seeds of the plantain family, e.g. 
psyllium 

Fructans Chicory, Jerusalem artichoke, onions 

Inulin  

Oligofructoses/Fructo-

oligosaccharides 
 

Analogous carbohydrates 
 

Resistant starch 
 

Fructo-oligosaccharides 
 

Galacto-oligosaccharides 
 

Indigestible dextrins 
 

Modified or synthesised carbohydrate 

compounds  
Modified celluloses (methyl cellulose, 

hydroxypropylmethyl cellulose) 
 

Polydextrose 
 

Lignin 
Cereal bran, rice and legume hulls, 

woody plants 

Other associated substances 
 

Waxes 
 

Phytate 
 

Cutin 
 

Tannins 
 

(AACC International, 2001; Gray, 2006) 
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The recommended daily intake of DF varies by country and is between 25 g and 30 g per 

day. (European Food Safety Authority, 2010; National Health and Medical Research 

Council (NHMRC), 2006). The actual intake in western countries is well below the 

recommendations: the average daily DF intake in the US was 16 g/day in 2009-2010 (Hoy 

& Goldman, 2014). Therefore, the increase of DF-rich food consumption is necessary. It 

has to be noted that the extremely high intake of DF can cause adverse effects, such as a too 

early sensation of satiety, a too low energy intake in individuals with low appetite, 

gastrointestinal discomfort, or possible reduction of mineral bioavailability (Gray, 2006). 

 

DF consists of a wide range of biochemically defined substances, which have different 

health effects and are characteristic of different plant species (Table 1) (Gray, 2006). 

Although there are generally discussed physiological effects, different DF components 

should be evaluated individually with sound chemical characterisation (Phillips, 2013). 

Nutritionally the most important fibre constituents are non-starch polysaccharides (NSP) 

(Gray, 2006), which include all the plant polysaccharides other than starch: cellulose, 

heteroxylans (pentosans), mixed-linked beta-glucans, xyloglucan, callose, mannans, pectic 

polysaccharides, arabinans, galactans, arabinogalactans. The key properties of NSPs in 

influencing human health are water dispersibility, viscosity effect, bulk, fermentability into 

SCFAs, and bile acid-binding (Gunness & Gidley, 2010; Kumar, Sinha, Makkar, de Boeck, 

& Becker, 2012). 

 

3.1  DF in wheat and the aleurone layer 

 
Fig. 1 Histological structure of wheat grain (Brouns, Hemery, Price, & Anson, 2012) (original artwork from 

Surget & Barron, 2005) 
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The major sources of DFs are edible part of plants, such as cereal grains, legumes, 

vegetables, fruits, and seedrds. Among them cereals are the main sources of DF, 

contributing to about 50% of the fibre intake in Western countries (Dhingra, Michael, 

Rajput, & Patil, 2012; Reicks, Jonnalagadda, Albertson, & Joshi, 2014). In cereals, non-

starch polysaccharides build up the cell walls and are the principle DF components (Kumar 

et al., 2012). Their occurrence is variable among different plant species: e.g. high beta-

glucan content is characteristic of oat and barley (2.2-7.8 % and 2.5-11.3 % respectively), 

(Izydorczyk & Dexter, 2008), while in wheat, arabinoxylan (AX) is the major non-starch 

polysaccharide (Saulnier, Sado, Branlard, Charmet, & Guillon, 2007). Different botanical 

parts of cereal seeds show high variability in composition as well as in DF content. In 

wheat, the endosperm possesses all of the starch, whereas the outer parts of the seed are rich 

in nutritionally valuable DF components, minerals, phytochemicals, and vitamins (Table 2). 

The uneven distribution of DF among the tissues is mirrored in the DF content of different 

cereal products: refined wheat flour contains about 2.4 g/100g DF, whereas at wholemeal 

flour this value is about 10.7 g/100g DF (United States Department of Agriculture, 2015). 

 

Table 2 
Distribution of nutrients in wheat grain 

 

Grain Pericarp Aleurone Endosperm Germ 

  %G %T %G %T %G %T %G %T %G 

Proteins 13.7 10 4.4 30 15.3 12.0 73.5 31 6.8 

Lipids 2.7 0 0 9 23.6 2 62.9 12 13.5 

Starch 68.9 0 0 0 0 82 100 0 0 

Pentosans 7.4 43 35.1 46 43.8 1.6 18.3 7 2.9 

Cellulose 2.8 40 87.1 3 7.6 0.1 3.1 2 2.2 

Minerals 1.9 7 7-22 12 43-61 0.5 20-23 6 9-12 

Niacin - - 4 - 82 - 12 - 2 

Riboflavin - - 5 - 37 - 32 - 26 

Piridoxin - - 12 - 61 - 6 - 21 

%T: % of nutrients in the specified tissue 
%G: % of nutrients in the whole grain kernel. For example, the protein% in the pericarp 

tissue (%T) amounts to 10%, which in itself contributes 4.4% to the total kernel protein 
content. 
(Brouns et al., 2012) 

 

Among the outer layers of the wheat kernel, the aleurone-layer is considered to be the 

largest contributor to the health effects associated with whole grain consumption (Fig. 1). 

This layer is particularly rich in minerals, phytates, B vitamins (e.g. niacin and folates), and 

lipid compounds such as plant sterols (Brouns et al., 2012; Fardet, 2010; Sibakov, Lehtinen, 
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& Poutanen, 2013). Its protein content, together with the germ, is the highest among the 

kernel’s tissues (Table 2). Although the aleurone layer botanically belongs to the starchy 

endosperm, it does not contain gluten proteins, but proteins involved in central metabolism, 

defence enzymes, inhibitors, and globulin-like proteins (Jerkovic et al., 2010). This layer 

represents 6-9 % of the total kernel and about 50 % of the bran. Since the aleurone layer is 

tightly attached to the hyaline layer, during milling it stays with the bran and, therefore, is 

not included in the refined flour (Brouns et al., 2012). 

 

3.2  Cereal fibre enrichment of cereal-based food 

 

Table 3  

Market segments of wheat bran containing products in the period of 2010-2011. 

Position Market segment % Market Share 

1 Bakery and cereals 58.21 

2 Savoury snacks 6.02 

3 Baby food 5.56 

4 Chilled food 5.30 

5 Dairy food 4.45 

6 Pet food 4.38 

7 Sauces, dressings and condiments 4.25 

8 Personal care 3.86 

9 Dried food 1.57 

10 Pasta, pizza, noodles and rice 1.11 

11 Frozen food 1.05 

12 Baby care 0.85 

13 Soft drinks 0.39 

14 Soups 0.26 

15 Sweet and savoury spreads 0.26 

(Prückler et al., 2014) 

 

With growing scientific evidence for health-supportive effects and increasing consumer 

demand, more and more wheat bran-enriched products are available on the food market 

(Prückler et al., 2014), as well as there is an increased scientific attention on such products 

(Foschia, Peressini, Sensidoni, & Brennan, 2013). The major proportion of wheat-bran 

enriched products on the market is cereal-based food (Table 3), which offer the most 

promising prospects in terms of fibre enrichment (Delcour & Poutanen, 2013). However, 

the major amount of the produced wheat bran is considered as a by-product and used as 

livestock feed or energy source. The increased food purpose utilization of this nutritionally 
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valuable fraction, which is about 20-25% of the total grain weight, would be a great benefit 

in the nutritional as well as in the economical point of view (Brouns et al., 2012; Prückler et 

al., 2014). 

 

An obvious and desirable effect of wheat-bran addition to food is the increased content of 

nutritionally valuable, health supportive components. However, fibre-rich fractions also 

causes modified techno-functional and sensory changes in food materials, which often 

lowers the consumer acceptability of such products, hindering the increase of DF intake of 

the population (Dammann, Hauge, Rosen, Schroeder, & Marquart, 2013; Prückler et al., 

2014). 

 

3.2.1  Effects of fibre enrichment on bread quality 

 

One of the most promising fibre-carrier foodstuffs is bread since it is a universal, staple 

food all around the world. Among the numerous examined fibre sources (cereal milling 

fractions, vegetable and fruit fibres, commercially available fibres), wheat grain and wheat 

bran are the most commonly examined ones (Ktenioudaki & Gallagher, 2012). Although the 

investigated fibre fractions showed different behaviour depending on the type of the fibre, 

on the level of substitution, and on the particle size, general effects of fibre fractions on 

bread-making can be summarized. 

 

The examination of dough rheological behaviour with specific techniques gives an insight 

into the dough’s suitability for bread making. Numerous studies have been published about 

the effects of fibre-rich fractions on dough behaviour working with different fibre sources 

and variable methods (mostly mixing and extensional techniques) as reviewed recently 

(Ktenioudaki & Gallagher, 2012; Sivam, Sun-Waterhouse, Quek, & Perera, 2010). The 

general effects of the addition of fibre-rich fractions can be summarized as follows:  

 increase in water absorption (WA) during mixing 

 increase in the development time and decrease in the mixing stability 

 decrease in dough development during proofing 

 decrease in dough extensibility 

 change in the viscous and elastic moduli (stiffer, sometimes stickier dough) 

(Ktenioudaki & Gallagher, 2012) 

The effects on the rheological behaviour of dough are mirrored on the bread quality as well 

since the development of a gluten network and its ability to retain gas are essential for bread 

making. The general effects of fibre-rich fractions on bread quality are:  

 reduced loaf volume/loaf height/spread ratio 
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 denser, less aerated structure 

 harder, darker crumb 

 loss of crispiness 

 altered taste (Foschia et al., 2013; Ktenioudaki & Gallagher, 2012; Rakha, 2013) 

The exact mechanisms of action of how fibre incorporation modifies dough development 

and subsequently bread properties have been widely debated and have not been understood 

yet (Ktenioudaki & Gallagher, 2012; Noort, van Haaster, Hemery, Schols, & Hamer, 2010). 

There are several suggested explanations for these effects: 

 dilution of the gluten forming proteins  

 the restriction of the available water for gluten development due to the high water 

holding capacity of fibre 

 physical disruption of the gluten matrix and piercing of the gas cells 

 reduction of the ability of the dough to expand and to retain gas  

 non-starch polysaccharides interfere with gluten polymers through ferulic acid 

monomers. (Ktenioudaki & Gallagher, 2012)  

Some of these suggestions have already been questioned. (Noort et al., 2010)) suggested 

that the dilution of gluten by the addition of fibre fractions is only a marginal factor and that 

the hindrance of the gluten network by fibre particles and the piercing of gas cells are 

unlikely hypotheses. They suggest that fibres affect the formation and the physical 

properties of the gluten network by a combination of both a physical and chemical 

mechanism (Section 3.5). 

 

The textural and the volume-reducing effects of fibre fractions are related to the restriction 

of dough development by fibre components while the flavour and odour attributes of cereal 

fibre added/wholegrain products are determined by non-fibre, flavour-active components 

that are present in the outer layers of the kernel. Phenolic compounds, amino acids, small 

peptides, fatty acids, and sugars are considered to be responsible for the bitter and astringent 

taste of such products. Some of the flavour-active components might develop during food 

processing, as a result of e.g. the Mailliard reaction. (Heiniö et al., 2016) 

 

In general, the above-mentioned sensory attributes of fibre-rich bread provoke a decrease in 

consumer acceptance in comparison to refined products (Heiniö et al., 2016; Ktenioudaki & 

Gallagher, 2012; Rakha, 2013). It has been shown that consumers tend not to like the taste, 

palatability, appearance, texture, and colour of fibre-rich products (Rakha, 2013). The 

increased bitter taste is the key sensory attribute, but the coarser, rougher, and harsher 

texture associated with wheat bran are also among the most innately disliked properties of 

fibre-rich bread products (Heiniö et al., 2016; Rakha, 2013). The reason for the decreased 
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consumer acceptance is two-fold. First, many consumers are unfamiliar with the health 

benefits of high fibre products; second, they are not used to the sensory attribute of fibre-

rich, or wholemeal products (Dammann et al., 2013). Nevertheless, it has been 

demonstrated that consumers can be divided into different groups based on their quality 

perception of bread towards sensory, nutrition, and health attributes (Gellynck, Kühne, Van 

Bockstaele, Van de Walle, & Dewettinck, 2009) and based on their preference towards 

refined or wholemeal breads (Bakke, Vickers, Marquart, & Sjoberg, 2007). The 

identification and characterisation of different consumer segments and the consideration of 

this information are important tools in the development of marketable fibre-rich products 

(Schiffman, Hansen, & Kanuk, 2008). 

3.2.1  Effects of fibre enrichment on pasta quality 

 

Pasta products are also promising in terms of cereal fibre addition and were made 

commercially available in the last decade (Prückler et al., 2014). Pasta products have been 

examined regarding fibre enrichment, as summarized recently (Brennan, 2013; Foschia et 

al., 2013). Especially much attention has been given to the usage of wheat bran, wheat 

germ, and wheat wholegrain material in pasta matrices. It has been shown that wheat bran 

or wholemeal flour incorporation leads to crucial changes: increased cooking loss (Aravind, 

Sissons, Egan, & Fellows, 2012; Kaur, Sharma, Nagi, & Dar, 2011; Kordonowy & Youngs, 

1985; Manthey & Schorno, 2002; Shiau, Wu, & Liu, 2012; Sudha, Rajeswari, & 

Venkateswara Rao, 2012), decreased water uptake (Aravind et al., 2012; Kordonowy & 

Youngs, 1985; Sudha et al., 2012), decreased pasta firmness (Aravind et al., 2012; J. S. 

Chen et al., 2011; Kordonowy & Youngs, 1985; Manthey & Schorno, 2002; West, 

Seetharaman, & Duizer, 2013), increased surface roughness (Aravind et al., 2012; West et 

al., 2013), and reduced extensibility (Shiau et al., 2012) were reported. Increased cooking 

loss and decreased firmness indicates lower quality pasta, while water uptake is not 

unambiguously related to pasta quality in the literature. The observed effects of cereal bran 

addition are generally associated with the disruption of the continuity of the starch-protein 

matrix during dough formation by fibre particles (Heiniö et al., 2016), although this 

phenomenon could not be observed at lower bran levels (Fig. 2) (Aravind et al., 2012). 
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Fig. 2 Incorporation of bran (red) into the starch (green)-protein (bright yellow) matrix of cooked spaghetti on 

confocal scanning laser microscopy picture. (a: without bran, b: 20 % bran, c: 30 % bran) (Aravind et al., 

2012). 

Similarly to bread (Section 3.2.1), the flavour properties of pasta change considerably by 

cereal fibre addition, although some differences might also exist due to the different 

processing techniques, which are known to influence the flavour characteristics (Heiniö et 

al., 2016). Whole grain pasta had more intense bitterness, branniness, and wheatiness while 

less sweetness and starchiness than pasta made from refined flour (West et al., 2013). Bran 

pasta was reported to be darker than durum pasta and had a floury mouthfeel (Aravind et al., 

2012). Increased surface roughness was also reported (Aravind et al., 2012; West et al., 

2013). Wheat bran and whole grain addition results in decreased consumer acceptance in 

comparison with conventional pasta (Aravind et al., 2012; Kaur et al., 2011; Kordonowy & 

Youngs, 1985; West et al., 2013). Besides, panellists could be divided into groups based on 

their “brown bread preference” and these groups showed different acceptance patterns 

towards bran-added pasta (Kordonowy & Youngs, 1985). 

3.3  Special milling techniques for the production of new DF-rich wheat milling 

fractions 

 

One of the greatest challenges in the development of fibre-rich food products is the 

incorporation of fibres into existing food systems with minimizing their negative 

technological effects and retaining the consumer acceptability. Careful selection of fibre 

sources, developing new processing techniques and conditions are equally important. 

Numerous fibre materials have been tested and several approaches have been investigated in 

the literature to improve the techno-functionality of fibre incorporation (Prückler et al., 

2014; Sibakov et al., 2013). 
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One of the approaches to improve the techno-functionality of fibre rich milling fractions is 

the application of special milling processes. These processes aim the beneficial modification 

of the bran fraction (e.g. modification of particle size or composition) and the separation of 

the negative and positive elements. In most cases the aim is the production of wheat bran 

milling fractions that do not contain the outermost layers of the kernel (pericarp layers) 

since these layers are thought to be responsible for the adverse effects of fibre addition 

(Gan, Galliard, Ellis, Angold, & Vaughan, 1992). In contrast, the inner layers, mainly the 

aleurone layer, are believed to have better functionality than the bran itself (Brouns et al., 

2012).  

 

As reviewed by Brouns et al. (2012), the investigated approaches can be grouped as 

follows: pearling (a.k.a debranning or decortication) (Blandino et al., 2013; Y. M. Hemery 

et al., 2010; Noort et al., 2010), wet fractionation (Kvist, Carlsson, Lawther, & DeCastro, 

2005), and dry fractionation (Z. Chen, Liu, et al., 2014; Y. Hemery, Rouau, Lullien-

Pellerin, Barron, & Abecassis, 2007). The procedures can be quite complex, combining an 

array of different methods (enzymatic treatment, centrifugation, ultrafiltration, grinding, air-

classification, sieving, or electrostatic separation) (Brouns et al., 2012). The highest purity 

materials were produced by methods that used electrostatic separation (Fig. 3) (Z. Chen, 

Wang, Wang, Li, & Chen, 2014; Y. Hemery et al., 2009). 

 
Fig. 3 Experimental set-up of triboelectric separation of processed wheat bran (Z. Chen, Wang, et al., 2014) 

Although several studies dealt with the compositional characterisation of the aleurone layer 

and aleurone-rich milling fractions, only a few articles have been published about aleurone-
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enriched food products. It has been shown that these products have adverse effects on the 

end-product quality of bread (Atwell, von Reding, Earling, Kanter, & Snow, 2007; 

Blandino et al., 2013; Noort et al., 2010). Besides, Atwell et al. (2007) reported that the 

addition of "aleurone" to white flour resulted in a product that is nutritionally comparable to 

wholegrain bread, but its taste, texture, and appearance are closer to white bread (Fig. 4). 

 

The above-mentioned studies worked with laboratory small scale or semi-industrially 

produced milling fractions (Brouns et al., 2012). To the best of my knowledge, no study on 

industrially produced aleurone-rich milling fraction has been published so far. 

 

 

 
Fig. 4 White bread and aleurone bread prepared with sponge-dough process (Atwell et al., 2007) 
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3.4  Arabinoxylan (AX) 

 

Composed of β-1,4 linked D-xylopyranosyl backbone, AX contains intermittent 

α-L-arabinofuranoside monomeric units substituted at C (O)-3 and/or C (O)-2 positions of 

the xylose units. Additionally, esterification of trans-ferulic acid at the C (O)-5 positions is 

characteristic of cereal AX (Fig. 5). Besides, other side-chains are also possible, such as 

α-D-glucuronic acid (and its methyl ether, 4-O-methyl-glucuronic acid), acetic acid, 

hydroxycinnamic acids, p-coumaric acid or xylopyranosyl and galactopyranosyl residues 

associated with arabinofuranosyl residues forming short side-chains of 2-3 sugar units. AX 

can show high variability among plant species and tissues as well. The ferulic acid moieties 

can form covalent linkages with other molecules (Lam & Stone, 1994; Saulnier et al., 2007; 

Stone & Morell, 2009) and can form oligomers resulting in crosslinks among AX chains 

(3.6.2). 

 

 
Fig. 5 Structure of feruloylated arabinoxylan (Niño-Medina et al., 2009) 

 

AX can be classified based on its solubility and extractability (Fig. 6). Water-extractable 

arabinoxylan (WEAX), water-unextractable arabinoxylan (WUAX), water soluble, and 

water insoluble AX can be distinguished. The reason for making a difference between 

extractability and solubility is that extractability indicates the availability of the native form 

of AX (might be linked to other macromolecules) to water, while solubility indicates the 

intrinsic attribute of the carbohydrate, which is determined by the degree of substitution and 

the substitution pattern of AX (Andrewartha, Phillips, & Stone, 1979; Courtin & Delcour, 

2002). WEAX might be solubilised either with endoxylanase enzymes or with alkaline 

solutions (Courtin & Delcour, 2002), which are able to cleave the ferulic acid crosslinks 

between AX and other molecules (Kale, Hamaker, & Campanella, 2013). As a linear 

polymer, water-soluble AX forms viscous solution when dissolved in water (Izydorczyk & 
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Biliaderis, 1992). The viscosity in water is determined by AX concentration, chain length, 

substitution pattern and substitution degree (Courtin & Delcour, 2002; Izydorczyk & 

Biliaderis, 1992). 

 

AX, as DF component, has important techno-functional (Section 3.5) as well as health-

promoting properties. AX’s physiological effects include immuno-modulatory activity, 

cholesterol-lowering activity, enhanced absorption of certain minerals, faecal bulking effect, 

prebiotics effect, reduction of the risk of type II diabetes. These health-supportive effects 

are variable depending on the structure AX (Mendis, Leclerc, & Simsek, 2015; Rosa-

Sibakov, Poutanen, & Micard, 2015). While insoluble AX has beneficial effects by reducing 

transit time and increasing faecal bulking, soluble AX contributes to increase the digesta 

viscosity in the stomach, thus delaying gastric emptying and nutrient absorption, which 

might result in a lower postprandial glycaemic response and lower plasma cholesterol 

(Rosa-Sibakov et al., 2015). 

 

  

 
Fig. 6 Extractability and solubility of AX (reproduced from Courtin & Delcour, 2002) 
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3.5  Effects of AX on dough development and bread quality 

 

AX, although being present in low quantities in white flour, remarkably influences the 

dough behaviour and the bread quality. Its molecular weight and extractability determine 

how AX influences the dough development. The effects of WEAX on dough rheology were 

summarized by Goesaert et al. (2005): 

 increase in dough consistency and stiffness  

 increases in water absorption 

 no effect or increase in mixing time 

 lower energy input to achieve optimal mixing  

 enhanced resistance to extension and decreases extensibility  

It was observed by Biliaderis, Izydorczyk, & Rattan (1995) and Courtin & Delcour (1998) 

that high molecular weight WEAX had a greater effect on water absorption and on 

development time compared to lower molecular weight WEAX. WUAX had similar effects 

as WEAX but did not alter dough extensibility properties (Goesaert et al., 2005). 

 

The exact mechanism of action of how AX affects the dough development has not been 

clearly understood yet. There are several explanations published (Courtin & Delcour, 2002; 

Goesaert et al., 2005; Ktenioudaki & Gallagher, 2012), but most recently M. Wang, van 

Vliet, & Hamer (2004) suggested that both physical and chemical effects were involved. 

The physical effect is related to viscosity and also to depletion attraction between protein 

particles. The chemical effect is related to ferulic acid monomers, which can bind to gluten 

proteins, resulting in interactions between AX chains and gluten proteins, which is reflected 

in the gluten’s ability to agglomerate (Noort et al., 2010; M. Wang, van Vliet, et al., 2004; 

M. Wang, Vliet, & Hamer, 2004). 

 

There is an important difference between WEAX and WUAX in their effects on bread 

quality (Fig. 7). Generally, WUAX has adverse effect, while WEAX and solubilized AX is 

considered to have a positive influence (Courtin & Delcour, 1998; Foschia et al., 2013; 

Trogh et al., 2004). WUAX absorbs a huge amount of water, which therefore is not 

available for the gluten. It lowers foam stability, enhances gas cell coalescence, and 

decreases gas retention leading to poorer quality bread: lower loaf volume with coarser 

crumb, and higher crumb firmness. On the other hand, WEAX increases the viscosity of the 

dough aqueous phase, stabilises the gas cells, prolongs the oven rise, and improves bread 

characteristics (crumb firmness, structure and texture, loaf volume). (Courtin & Delcour, 

2002; Goesaert et al., 2005) 
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In contrast with bread, there is little information about the role of AX in pasta quality. 

Articles examining AX addition to pasta has not been published. The available literature 

deals with the effect of endoxylanase treatment of pasta, which is discussed in Section 3.6.1.  

 

3.6  AX modification 

 

Several approaches have been investigated in the literature to improve the techno-

functionality of isolated fibre components, such as AX (Prückler et al., 2014; Sibakov et al., 

2013). The utilization of enzymes to modify the structure of AX is one of the most studied 

approaches. Besides the alteration of functionality, enzymatic methods can also be used for 

the improvement of nutritional benefits of AX fractions (e.g. higher bioaccessability) (Coda, 

Katina, & Rizzello, 2015). 

3.6.1  Hydrolysis of AX with endoxylanases 

 

Endoxylanase enzymes (EC 3.2.1.8) catalyse the degradation of xylan backbone causing a 

decrease in the degree of polymerisation. Depending on their source, there are different 

endoxylanases in terms of the mode of action, the hydrolysis products and the substrate 

selectivity (soluble or insoluble xylan). They are routinely used in bread-making to improve 

dough quality through AX degradation. The optimal dosage of endoxylanase improves the 

dough handling properties, oven spring, as well as loaf volume (Courtin & Delcour, 2002). 

 

The beneficial effects of endoxylanases that are specific towards WUAX are related to the 

increased solubilisation of WUAX, which leads to the above discussed (3.5) benefits of 

having WEAX instead of WUAX in the dough (Courtin, Gelders, & Delcour, 2001). Its 

addition in optimal amounts results in a better quality dough and bread (Fig. 7). However, 

the application of this type of enzyme results in a reduced water holding capacity of the 

dough as well, which, when applied at too high level, causes slack and sticky dough. 

Endoxylanases with specificity towards WEAX degrade WEAX to lower molecular weight 

polymers, which results in undesirable effects on bread quality (Courtin & Delcour, 2002). 

It also has to be noted that endoxylanases can be used for the production of AX 

oligosaccharides, which have been shown to have health benefits, such as prebiotic effects 

(Cloetens et al., 2010; Rosa-Sibakov et al., 2015). 
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Fig. 7 Schematic presentation of the effect of different AX fractions on bread loaf volume and the role of 

endoxylanase enzyme in the modification of AX’s techno-functionality (Goesaert et al., 2005). The artwork 
was made based on C M Courtin, Roelants, & Delcour, 1999. 

The effects of endoxylanase addition on pasta quality were examined by a few papers (Brijs 

et al., 2004; Ingelbrecht et al., 2002; Ingelbrecht, Moers, Abécassis, Rouau, & Delcour, 

2001). These studies came to the conclusion that apart from increasing levels of WEAX, 

endoxylanase treatments had little effect on pasta quality, such as on the colour, optimal 

cooking time, and firmness (Brijs et al., 2004), or on  the colour of dry products and surface 

condition, viscoelastic index, and resistance to longitudinal deformations of cooked 

products (Ingelbrecht et al., 2001). 

3.6.2  Oxidative crosslinking of AX with peroxidase/laccase enzymes 

 

Oxidative crosslinking of AX in the presence of free radical generating agents is one of the 

best-studied AX modifications within the literature. The covalent crosslinking occurs 

through phenoxy radical-mediated oxidative dimerization of feruloyl units (Fig. 8) (Niño-

Medina et al., 2009; Stone & Morell, 2009), which can be achieved enzymatically 

(Izydorczyk, Biliaderis, & Bushuk, 1990; Martínez-López et al., 2011) and also chemically 

(Izydorczyk et al., 1990). In the most cases peroxidase (EC 1.11.1.7)/H2O2 or laccase (EC 

1.10.3.2)/O2 are used for AX crosslinking (Niño-Medina et al., 2009). 

 

Ferulic acid units might bind together through different bonds (by coupling at their 4–O-, 5- 

or 8-carbons) and can form dimers, trimers, and tetramers as well (Barberousse et al., 2008; 
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Funk, Ralph, Steinhart, & Bunzel, 2005). The crosslinking can be monitored by measuring 

ferulic acid molecules: upon oxidative gelation a considerable decrease in ferulic acid 

monomers can be observed, while the concentration of dimers, trimers, and presumably 

higher order oligomers increase (Ng, Greenshields, & Waldron, 1997; Saulnier et al., 2007). 

 

 
Fig. 8 Crosslinking of AX through ferulic acid coupling (5-5'-diFA) (Niño-Medina et al., 2009) 

 

The crosslinking of the polymer results in the formation of an AX gel, of which the 

development and the properties can be monitored with rheological measurements. 

Depending on its ferulic acid content AX can form gels with different strength; ferulic acid 

content is positively related to the strength of the gel (Fig. 9). Gel formation might enable 

AX to be used in new areas, such as controlled protein delivery or wound management aid 

(Lloyd, Kennedy, Methacanon, Paterson, & Knill, 1998; Martínez-López et al., 2013). 

Furthermore, crosslinked AX may also be of importance in health promotion as a food 

ingredient since Vogel, Gallaher, & Bunzel (2012) demonstrated that crosslinked AX 

remained viscous within the gastrointestinal tract and blunted postprandial glucose 

response. 

 

 
Fig. 9 Mechanical spectra of AX gels with different ferulic acid contents (Carvajal-Millan et al., 2005) 
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3.7  Hydroxyl radical (•OH) oxidation of polysaccharides 

 

Apart from the above-mentioned modifications of AX, there are other possibilities for the 

alteration of the functionality of DF polysaccharides. One of these approaches is hydroxyl 

radical (•OH) oxidation. •OHs are highly reactive free radical species, which can be 

produced in aqueous systems by the Fenton-reaction (Eq. (1-3)) (Wardman & Candeias, 

1996). This reaction can be enhanced with ascorbate (A), which acts as pro-oxidant, thus 

providing reduced catalytic metals for the Fenton reaction (a.k.a. ascorbate-driven Fenton 

reaction; Eq. (1-4)) (Burkitt, 2003). 

(1) Fe
2+

 + O2 → Fe
3+

 + O2
•-
 

(2) O2•
-
 + 2H

+
 → H2O2 + O2 

(3) Fe
2+

 + H2O2 → •OH + 
–
OH + Fe

3+
 

(4) AH2 + 2Fe
3+

 → A + 2H
+
 + 2Fe

2+
 

Since •OHs are extremely short-lived, and therefore have a low steady-state concentration, 

their direct detection is not possible. Their formation can be detected indirectly with 

electron paramagnetic resonance spectroscopy (EPR) using spin-trapping methods. Spin 

trapping involves the addition of a diamagnetic compound, a spin trap, to produce a 

relatively long-lived free radical product, a spin adduct (a nitrone or nitroso compound), 

which accumulates to a concentration high enough to be studied by EPR (Buettner, 1987). 

EPR and spin trapping methods are applicable for monitoring the radical formation in 

carbohydrate polymer solutions as demonstrated by Faure, Andersen, & Nyström (2012), 

who published two spin-trapping methods (POBN either with EtOH or DMSO) for 

detecting •OH formation in beta-glucan solutions. 

 

Besides AX, beta-glucan is the most nutritionally relevant cell wall polysaccharide of 

cereals. Cereal beta-glucan is a linear homopolysaccharide that consists of d-glucopyranosyl 

residues linked via a mixture of β-(1→3) and β-(1→4) linkages (Lazaridou & Biliaderis, 

2007). •OH oxidation of cereal beta-glucan has been examined comprehensively, and it has 

been found that •OHs provoke polymer degradation resulting in the decrease of the 

viscosity of aqueous beta-glucan solution (Fig. 10) (Faure, Sánchez-Ferrer, Zabara, 

Andersen, & Nyström, 2014; Kivelä, Henniges, Sontag-Strohm, & Potthast, 2012). 

Additionally, it was also suggested that oxidation provokes other chemical changes, such as 

the formation of carbonyl groups (de Moura et al., 2011; Faure et al., 2014; Kivelä et al., 

2012). The effects of •OH oxidation can be accelerated with increasing temperature or with 

the addition of ascorbic acid (Faure, Knüsel, & Nyström, 2013). The results of the research 

conducted by de Moura et al. (2011) reported that the oxidative treatment of beta-glucan 

improved its health-related properties, namely its bile-acid binding capacity suggesting an 

increased blood cholesterol reduction. They also demonstrated that oxidation alters the 
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techno-functionality of beta-glucan (hardness, adhesiveness, and gumminess of beta-glucan 

gel as well as the viscosity of beta-glucan solution) (de Moura et al., 2011).  

 

 

 
Fig. 10 Flow curves of 0.6 % oat beta-glucan (OBG) and barley beat-glucan (BBG) solution treated with 

ascorbate driven Fenton reaction for different periods of time (Faure et al., 2012) 

 

Although chemical modifications of AX (e.g. esterification, carboxymethylation, ethylation) 

have also been studied by a number of researchers in order to modify the properties of the 

polymer for alternative applications (e.g. pharmaceutical, composites) (Buchanan et al., 

2003; Saghir, Iqbal, Hussain, Koschella, & Heinze, 2008; Saghir, Iqbal, Koschella, & 

Heinze, 2009), •OH oxidation of AX has not been investigated until now. 
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4 MATERIALS AND METHODS 

4.1  Materials 

 

4.1.1  Flour and flour blends 

 

WF (wheat flour), WPF (wheat pasta flour), and ARF (aleurone-rich flour) were provided 

by Gyermelyi Zrt, Hungary and were produced simultaneously from the same, 

homogeneous batch of aestivum wheat. WF meets the requirements of the Codex 

Alimentarius Hungaricus (Ministry of Agriculture and Rural Development, 2007). ARF 

producing technology was developed at Gyermelyi Zrt, Hungary with the cooperation of 

Department of Applied Biotechnology and Food Science, Budapest University of 

Technology and Economics, Hungary and Bühler AG, Switzerland. 

 

ARF blends were prepared from WF, WPF and ARF in the proportions of 15 g/100g, 40 

g/100g and 75 g/100g with a Kitchen Aid 5KPM5 planetary mixer (KitchenAid Europa, 

Inc. Brussels, Belgium) equipped with a flat beater, using a mixing speed of 84 rpm (speed 

2) and a mixing time of 8 minutes. 

 

For dough rheology measurements (Section 4.10.3) Flour-AX blends were prepared using 

two white wheat flours: Flour A (cultivar: MV-Lepény; category: soft red winter wheat; 

moisture: 11.17 g/100g; protein: 12.06 g/100g; ash: 0.50 g/100g) and Flour B (cultivar: 

MV-Magdaléna; category: hard red winter wheat; moisture: 11.03 g/100g; protein: 12.44 

g/100g; ash: 0.58 g/100g) . 

 

4.1.2  Chemicals 

 

α-Amylase (Termamyl® 300 L, from Bacillus licheniformis, 500 U/ml; Novozymes A/S, 

Bagsvaerd, Denmark), protease (Subtilisin A from Bacillus licheniformis, 300 U/ml; 

Megazyme, Bray, Ireland), and amyloglucosidase (from Aspergillus niger; 200 U/ml; 

Megazyme, Bray, Ireland) enzyme solutions were used as provided by their manufacturers. 

1 ml lichenase (from Bacillus subtilis, 1000 U/ml; Megazyme, Bray, Ireland) enzyme 

solution was diluted to 20.0 ml with 20 mM sodium phosphate buffer (pH 6.5). 10 mg of 

peroxidase (from horseradish, 150 U/mg, Sigma–Aldrich, Buchs, Switzerland ) enzyme 

preparation was dissolved in 5 ml of 50 mM sodium phosphate buffer (pH 6). Enzyme 

solutions were stored at -20°C, unless otherwise indicated by the producer. POBN (α-(4-

Pyridyl N- oxide)-N-tert-butylnitrone; 99%), TEMPO (2,2,6,6-Tetramethy-piperidin-1-



Attila Bagdi - Doctoral thesis 2016 

  

24 

 

yl)oxyl, sublimed, 99%), hydrogen peroxide (30 wt. % in H2O), iron (II) sulphate 

heptahydrate (≥99.0%), D-(+)-xylose (≥99%), L-(+)-arabinose (≥99%), ferulic acid (99+%), 

o-coumaric acid (≥97%), sodium cholate (≥97 %), sodium deoxycholate (≥97%), sodium 

glycocholate (≥97%), sodium taurocholate (≥95%), acetic acid (≥99.8%), sodium acetate 

(≥99.0%), acetonitrile (≥99.9%), and hydrochloric acid (37 %) originated from Sigma–

Aldrich (Buchs, Switzerland). Ascorbic acid (99.5%), D-(+) glucose (≥99.5%), 2-Deoxy-D-

glucose (≥98.0%), D-(+) galactose (≥99%), and ethanol (puriss. p.a., ACS reagent, absolute 

alcohol, without additive, 99.8%) were purchased from Fluka (Buchs, Switzerland). Sodium 

hydroxide (99.8 %) was obtained from Fischer Chemicals AG (Zürich, Switzerland). 

Ultrapure water was used for all of the chemical experiments. 

4.1.3  Other ingredients 

 

Other ingredients (salt, sugar, fresh yeast, whole egg powder (protein content: min. 

45 g/100g, fat content: 33±5 g/100g) were obtained from local shops in Budapest. 

4.2  Compositional measurements 

4.2.1  Major chemical composition 

 

Samples were analysed for ash, moisture, crude protein (Nx5.7 for WF and WB; otherwise 

NX6.25), soluble DF, insoluble DF, and total DF content according to the international 

standards AACC Method 44-15A, 08-01, 46-30, 32-07 (AACC International, 1999a). Crude 

fat was measured by a rapid determination method using hexane (AOAC, 2003). Available 

carbohydrate content was calculated according to FAO recommendations (FAO, 2003). 

Measurements were carried out in duplicate. Compositional values of flour, cooked pasta, 

and baked bread are reported on the “as-is” basis. Measurements were carried out in 

duplicate. 

4.2.2  AX content 

 

AX content and the degree of AX branching were determined with a hydrochloric acid 

hydrolysis - anion-exchange chromatography method with small modifications (Houben, de 

Ruijter, & Brunt, 1997). 20 mg of the AX preparation was dispersed in 2 ml water and 2 ml 

4.0M HCl, and was hydrolysed for 45 min at 100 °C in a 10 ml screw cap tube. During 

hydrolysis, the sample was mixed frequently to aid dispersion. Following hydrolysis the 

sample was cooled down and subsequently neutralised by the addition of 2 ml 4.0 M NaOH. 

Finally the sample was diluted in order to reach an analyte concentration of 5-20 mg/ml and 

the internal standard (2-deoxy-D-glucose) was added to reach a final concentration of 10 
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mg/ml. The separation and the detection was carried out with a Dionex AS50 system 

equipped with a Dionex CarboPac PA1 analytical column using 1mM NaOH as eluent and 

PAD detector (Dionex, Sunnyvale, USA) following the procedure of Houben, de Ruijter, & 

Brunt (1997). AX content was calculated as 0.88 × (g/100g arabinose + g/100g xylose). 

Confirmatory measurements were carried out with a GC-FID method (Gebruers, Courtin, & 

Delcour, 2009) using a Perkin Elmer Claurus 500 instrument (PerkinElmer Inc, Waltham, 

Massachusetts, USA) equipped with an Elite 17 column. Measurements were carried out in 

triplicate. 

4.2.3  Ferulic acid content 

 

Ferulic acid content was determined according to Rouau et al. (2003), using o-coumaric 

acid as internal standard with a high performance liquid chromatograph (HPLC, Agilent 

1100, Switzerland) equipped with an xBridge Shield RP18 3.5um (3.0 x 150mm) column 

from Waters, using a gradient elution with 0.05 M sodium-acetate buffer and acetonitrile. 

Measurements were carried out in triplicate. 

 

4.2.4  Metal (iron and copper) content 

 

Iron and copper content of the AX preparation was determined by atomic absorption 

methods. Samples were mineralized by microwave-assisted digestion under nitrogen 

pressure in a TurboWave Digestion System (MLS GmbH, Germany). The concentrations 

were measured by graphite furnace atomic absorption spectrometry (AA240Z, Agilent, 

USA). Measurements were carried out in triplicate. 

 

4.3  Particle size distribution of flour 

 

Particle size distribution of the flours (ARF, WF, WPF) was determined according to the 

AACC Method 66-20 (AACC International, 1999b), using a Retsch AS 200 vibratory sieve 

shaker (Retsch Technology GmbH, Haan, Germany) at an amplitude of 70 and with a 

sieving time of 15 min. Sieves with the following mesh size were used: 150 µm, 250 µm, 

300 µm. ARF, WPF, and WF were examined. Results are reported on the “as-is” basis. 

Measurements were carried out in triplicate. 
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4.4  Production of bread and pasta model products 

4.4.1  Pasta making 

 

Flat egg-pasta was prepared from 200 g flour, 4.4 g egg powder, and water. The amount of 

water used in pasta making was determined during preliminary tests, taking into account the 

visual appearance and the cohesiveness of both the cooked and the uncooked pasta. Based 

on these experiments 70 ml water for conventional pasta (CP), and 76 ml for pasta made of 

ARF (AP) was used; linear combination of these amounts was applied for blended samples. 

The ingredients were mixed and kneaded in a Kitchen Aid 5KPM5 planetary mixer 

(KithcenAid Europa, Inc. Brussels, Belgium) equipped with a flat beater on a mixing speed 

of 84 rpm (speed 2). Afterwards 3.5 mm wide flat pasta was prepared in a commercially 

available pasta press (La Monferrina P3, Asti, Italy) equipped with a dough plate No. 25. 

The pasta was dried as described elsewhere (Gelencsér, Gál, Hódsági, & Salgó, 2007). 

Dried pasta samples were stored in sealed plastic bags at 4 °C. For determining chemical 

composition, pasta samples were ground with a Cemotec 1090 Sample mill (Tecator AB, 

Höganas, Sweden) equipped with a 500 μm sieve and stored in plastic bags until analysis.  

Two batches of pasta were prepared from each flour blend. 

 

4.4.1  Bread baking 

 

Bread baking was carried out according to ICC Standard Method 131 (ICC, 1980) with 

some modifications. One kg flour was used for a single baking trial. An EKA KL 823 

proofer (Technoeka SRL, Padova, Italy) and a Minimat 2 IS 500 electrical fan oven 

(Wiesheu Wolfen GmbH, Affalterbach, Germany) were used for controlled proofing, 

fermenting, and baking. The ingredients were mixed and the dough was kneaded in a 

Kitchen Aid 5KPM5 planetary mixer (KithcenAid Europa, Inc. Brussels, Belgium) 

equipped with a dough hook, on a mixing speed of 84 rpm (speed 2) and a mixing time of 5 

minutes. The water absorption of the examined flours (WF: 60.6 %; ARF: 67.2 %) was 

determined using a Farinograph-E instrument (Brabender GmbH & Co., Duisburg, 

Germany). After kneading, the dough was fermented for 30 min at 30 °C and 85% RH. 

Afterwards the dough was removed and divided into 3 portions of 380 g each. The portions 

were formed into loaves. Bread formation was carried out partly according to the ICC 131 

Standard and partly according to the Hungarian Standard (Hungarian Standards Institution, 

1988). The modification of the original ICC 131 Standard was needed to achieve more 

homogeneous crumb structure, which was required for the texture analysis. After formation, 

loaves were placed in a baking-tin, and placed back into the fermenter for 50 min. Finally, 
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loaves were baked for 30 min at 220 °C. After being removed from the oven, loaves were 

cooled down at room temperature, removed from the baking-tin, and stored for 16 h in 

sealed plastic bags at 20 °C before analysis. 

 

Three loaves were produced at once and all blends were baked three times, thus from each 

flour nine loaves of bread were produced and analysed for loaf size and texture. For 

compositional measurements representative samples were prepared according to the AACC 

Method 62-05 (AACC International, 1999d). The samples were ground with a Cemotec 

1090 Sample mill (Tecator AB, Höganas, Sweden) equipped with a 500 μm sieve. 

 

4.5  End product evaluation of pasta and bread model products 

4.5.1  Cooking quality of pasta 

 

For analyses 25 g of dried pasta was cooked in 375 ml water on a hot-plate, adding 3.75 g 

salt. After cooking, the samples were drained rapidly. Cooking loss and cooking time was 

determined based on the AACC Method 66-50  (AACC International, 1999c). Every sample 

had a cooking time of 6 minutes. For evaluating the water uptake, pasta was weighed before 

cooking and after draining. Water uptake is the ratio of the weight of the water absorbed 

during cooking and the weight of dry pasta before cooking (g water/ 100 g pasta). The 

cooked pasta was freeze-dried in a Christ Alpha 1-4 freeze-dryer (Martin Christ 

Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) right after cooking. The 

water content of the cooked pasta was determined by a two-stage air-oven method AACC 

44-15A (AACC International, 1999a). The cooked, freeze-dried pasta was ground with a 

Cemotec 1090 Sample mill (Tecator AB, Höganas, Sweden) equipped with a 500 μm sieve. 

All measurements were carried out in duplicate. 

4.5.2  Loaf size of bread products 

 

Weight, height, and the loaf volume were determined 16 hours after baking based on the 

ICC international standard (ICC, 1980). Height of loaf was measured at the two middle 

slices of bread. The loaf volume was determined with mustard seed displacement method 

measuring triplicates. Specific volume (cm
3
/1000 g) was calculated. 
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4.5.3  Texture analyses 

4.5.3.1  Texture analysis of pasta 

 

Cooked pasta was stored in plastic containers and was subjected to texture analyses, within 

15 minutes after straining, using a TA TX plus Texture Analyzer equipped with a 5 kg load 

cell (Stable Microsystem, Surrey, Uk). Exponent 32 6.0.2.0 software was used for recording 

data. All texture measurements were carried out in quadruplets. Original projects built in the 

software were loaded and used for the measurements. The project “Comparison of hardness 

and adhesiveness of noodles using a Cylinder Probe” was used for measuring adhesiveness. 

The instrument was equipped with a P36 cylinder probe. Default settings were used: 2mm/s 

pre-test speed, test speed, and post-test speed, 75 % strain, trigger type: 10 g - auto, and 200 

pps (points per second) data acquisition. Two stripes of pasta were tested at a time. Pasta 

firmness was determined with the “Determination of pasta firmness using the AACC (16-

50) Standard method” project using a Light Knife Blade probe. Default settings were used: 

0.17 mm/s test speed, 10 mm/s post-test speed, 4.5 mm distance, trigger type - button, and 

400 pps data acquisition. 5 stripes of pasta were placed under the blade perpendicularly to 

that. Extensibility of pasta was measured using “Extensibility of dough and measure of 

gluten quality” project. Kiefer dough and gluten extensibility rig was used for the 

measurement. Default settings were applied: pre-test speed 2 mm/s, 3.3 mm/s, 10 mm/s test 

speed, and 75 mm distance, trigger force – auto 50g, and 200 pps data acquisition was 

adjusted. During the test, the sample was extended as long as it broke. Tensile strength and 

extensibility are reported. One stripe of pasta was placed into the probe at a time. 

 

4.5.3.2  Texture profile analysis of bread 

 

Texture Profile Analysis (TPA) was carried out using a TA TX plus Texture Analyzer 

(Stable Microsystem, Surrey, Uk) equipped with a 5 kg load cell and a 36mm Radiused 

Cylinder Probe. Analyses were performed on four slices of each loaf: 48 replicates were 

made per flour samples. Each loaf of bread was cut up into 8 slices with a thickness of 17 

mm, using a Bosch MAS4201N electric food slicer (Robert Bosch GmbH, Stuttgart, 

Germany). The 4 middle slices were used for determination. One circular piece of crumb 

with a diameter of 36 mm was cut from the middle of the slices with a metal cookie cutter. 

Cut pieces were stored in sealed plastic containers and were subjected to TPA within 15 

minutes after cutting. Every piece of bread was measured once. Exponent 32 6.0.2.0 

software was used for recording and analysing data. Built-in “TPA Project” was loaded and 

used for the measurements with the following set-up: pre-speed: 3 mm/s, test-speed: 5 
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mm/s, post-test-speed: 5mm/s, distance: 10.2 mm, time: 0.1 s, trigger force: 98.07 mN. 

Short waiting time (0.1 s) was used in order to better simulate chewing than TPA tests 

conducted with longer waiting times. The data was evaluated with the built-in macro 

“TPA32.MAC”; the following parameters were calculated and used in the study: hardness, 

springiness, cohesiveness. 

 

4.5.4  Acceptance tests 

4.5.4.1  Acceptance tests of pasta 

 

Acceptance tests of pasta were conducted according to ISO 11136:2014 international 

standard (International Organization for Standardization, 2014). An 11 points hybrid 

hedonic scale (0= Disliked extremely, 5= Neither liked nor disliked, 10=liked extremely) 

was used based on Villanueva and Da Silva (2009). Pasta samples (100 g/person) were 

tested with 60 consumers (recruited at the university; 34 females/26 males; 19–59 years) 

with respect of appearance, colour, odour, texture, flavour, and overall acceptance. At the 

end of the session assessors were asked to record (yes or no) if they regularly buy non-

conventional (coloured, value-added products) pasta. 

4.5.4.2  Acceptance tests and penalty analysis of bread 

 

Acceptance tests of bread were conducted according to ISO 11136:2014 international 

standard (International Organization for Standardization, 2014). AB, 40 % AB, and WB 

were examined. Bread samples (one whole loaf of bread, one half loaf of bread, and 2 

slices/person; see sample preparation in 2.6) were tested with 80 consumers recruited at the 

university (44 females/36 males; 19-40 years). Consumers were asked about their age, 

gender, frequency of bread consumption, and geographical location. 

 

A 9-point hedonic scale (1 = disliked very much, 9 = liked very much) was used based on 

ISO 4121:2003 to test the overall liking of the bread products (International Organization 

for Standardization, 2003b). Besides, bread slices were evaluated using a 9-point ‘‘Just 

About Right” (JAR) scale (1 = not enough, 5 = just about right, JAR, and 9 = too much) 

(Rothman & Parker, 2009) for the attributes of bread odour, crumb texture, crumb flavour, 

crust flavour, bread flavour (crumb and crust together), sour taste of the bread, bitter taste of 

the bread, and sweet taste of the bread. 

 

Penalty analysis was run on JAR data (Rothman & Parker, 2009) and consisted of three 

main steps. Firstly, the JAR values were amalgamated into three groups. Categories 1-2-3-4, 
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category 5, and category 6-7-8-9 gave the three new levels: "not enough", "JAR", and "too 

much" respectively. Then the mean overall liking of bread slice (rating) was calculated for 

each group. The penalties (or mean drops) were calculated as the differences between the 

mean of one of the non-JAR categories and the mean of the JAR category. These values 

were plotted versus the respondent percentage of the non-jar category, placing each 

response in a so-called mean drop plot. 

4.5.5  Sensory profiling 

 

Descriptive profiling (Quantitative Descriptive Analyis, QDA) of pasta and bread samples 

was carried out according to ISO 13299:2003 (International Organization for 

Standardization, 2003a) in the sensory laboratory of Corvinus University of Budapest, 

which met the requirements of ISO 8589:2007 international standard (International 

Organization for Standardization, 2007). 

4.5.5.1  Sensory profiling of pasta 

 

Pasta samples were evaluated by an experienced, trained panel recruited at the university (6 

male/8 female). The recommendations of Kilcast (2010) were followed during the sample 

presentation.  

 

In the first phase of the test, the panel developed descriptors for the sensory attributes of CP 

and AP products. In the final questionnaire a set of 12 descriptive terms was selected (Table 

4). For each attribute the panellists created an unstructured line scale with descriptor labels 

at either ends. The CP was chosen as a reference sample, in order to achieve reduced 

variation among the panellists. The panel defined the intensity value of the reference sample 

in respect of every sensory attribute. 

 

In the second phase AP was evaluated in comparison to CP. Assessors rated the samples 

(100 g/person) individually, on the basis of the questionnaires, using a balanced test design, 

in which serving order was randomized for each assessor. Scale responses were converted 

to numeric values ranging from 0 to 100. The sensory attributes were accepted as variables 

for statistical evaluation. Special purpose software (ProfiSens, a joint development of the 

Corvinus University of Budapest and the Budapest University of Technology and 

Economics) was used during the test sessions to create the experimental design, to collect 

and to analyse panellists’ data. 
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Table 4 

Attributes and descriptive terms of profile analysis of AP (pasta made of aleurone-

rich flour), and CP (conventional pasta). 

Attribute Weak end point Intense end point 

appearance   

hue white brown 

homogeneity of colour heterogenic homogeneous 

evenness wavy even 

colour intensity weak intense 

   
odour   

bitter odour weak intense 

   
texture   

firmness elastic firm 

extensibility poorly extensible very extensible 

disintegration during chewing cohere loose 

stickiness not sticky very sticky 

   
taste   

global taste intensity weak intense 

bitter taste intensity weak intense 

sour taste intensity weak intense 

 

4.5.5.2  Sensory profiling of bread 

 

AB, 40 % AB (40 % aleurone-rich flour containing bread), and WB were examined. 

Samples were evaluated by an experienced, trained panel recruited at the university (8 

male/7 female; 23-40 years). The recommendations of Kilcast (2010) were followed during 

the sample presentation. Samples were prepared uniformly: 12 mm slices were prepared 

using a Bosch MAS4201N electric food slicer (Robert Bosch GmbH, Stuttgart, Germany), 

discarding the first and last slices of the loaves. 

 

In the first phase of the test, the panel developed 33 descriptors for the sensory attributes of 

WB and AB products (Table 8). The panellists created a 100-point unstructured line scale 

with descriptor labels at either ends. The WB was chosen as a reference sample, in order to 

achieve reduced variation among the panellists. The panel defined the intensity value of the 

reference sample in respect of every sensory attribute. In the second phase ARF containing 

bread samples were evaluated in comparison to WB. Assessors rated the samples (one 

whole loaf of bread and 2 slices/person) individually, on the basis of the questionnaires, 

using a balanced test design, in which serving order was randomized for each assessor. 
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Scale responses were converted to numeric values ranging from 0 to 100. The sensory 

attributes were accepted as variables for statistical evaluation. 

4.6  AX extraction from ARF 

 

AX extraction method was developed based on earlier published extraction methods 

(Escarnot, Aguedo, Agneessens, Wathelet, & Paquot, 2011; Kale et al., 2013; Sárossy, 

Tenkanen, Pitkänen, Bjerre, & Plackett, 2013). 300 g of aleurone-rich flour was suspended 

in 2100 ml of water and stirred for 10 min with a magnetic stirrer. The pH was adjusted to 

6.0 with 2 M HCl and 240 µl thermostable amylase was added to degrade starch. Amylase 

treatment was carried out at 95 °C for 60 minutes. Afterwards, the slurry was cooled to 

room temperature and 4 M NaOH was added to reach a final concentration of 0.5 M and 

was stirred for 30 min. NaOH treatment aimed the solubilisation of AX that were linked to 

insoluble fibre molecules. The NaOH was neutralized with 4 M HCl and the slurry was 

centrifuged (3220 rcf, 20 °C, 20 min). The pellet, which contained all the non-water-soluble 

material, was discarded. The pH of the supernatant, which contained the solubilized AX, 

was adjusted to 6.0 and the amylase treatment was repeated (95 °C, 60 min) in order to 

achieve complete starch degradation. Afterwards the pH was increased to 6.5 and 200 µl 

lichanase enzyme solution was added to degrade beta-glucan. The sample was stirred at 

60 °C for 60 min. Subsequently the sample was autoclaved at 121 °C for 20 min to 

deactivate the applied enzymes and to denature proteins. The precipitated material was 

separated by centrifugation (3220 rcf, 20 °C, 20 min). The pellet was discarded. The 

supernatant was mixed with equal amount of ethanol, in order to precipitate AX, and stored 

at 4°C overnight. Next day the precipitate, which contained the AX fraction, was separated 

by centrifugation (4 °C, 3220 rcf, 40 min). The supernatant was discarded and the pellet 

was dissolved by continuous stirring for 90 min in 300 ml water at 80 °C, pH 4.5. When the 

pellet had already been dissolved, the pH was readjusted to 4.5 ml. 360 µl amyloglucosidase 

solution was added to hydrolyse oligo- and malto-polysaccharides. The sample was 

incubated at 60 °C for 60 min. Afterwards the pH was increased to 8.0 and 300 µl protease 

enzyme solution was added to hydrolyse proteins that was not removed during the previous 

steps. The sample was incubated at 60 °C for 180 min. At the end of the incubation the 

sample was boiled for 10 min to deactivate the enzymes. After cooling, the sample was 

ultra-centrifuged (48000 rcf, 20 min, 20 °C). The pellet, containing denatured enzyme 

proteins, was discarded. The supernatant was dialyzed in 100 fold amount of water for 48 h 

in order to remove salts and the residues of enzymatic hydrolyses: mono- and 

oligosaccharides, amino acids, and peptides. The dialyzed sample was mixed with equal 

amount ethanol to precipitate AX and kept at 4 °C overnight. Next day the sample was 

ultra-centrifuged (48000 rcf, 40 min, 4 °C). The supernatant was discarded and the pellet 
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was collected and freeze-dried. The dried product was pulverized in a ball mill equipped 

with a 15 ml grinding bowl and two grinding balls with a diameter of 15 mm (Mini-Mill 

Pulverisette 23, Fritsch, Idar-Oberstein, Germany). The final AX preparation product was 

stored in a glass container at room temperature. 

4.7  Oscillatory rheometry of AX gel 

 

Oscillatory rheological measurements were carried out based on (Martínez-López et al., 

2011) using an AR-2000 rheometer (TA Instruments, New Castle, DE, USA) equipped with 

a cone (plate radius: 20mm; cone angle: 2°) and plate geometry. 59 μm gap between the 

cone and plate was used. The formation of AX gel was monitored with small amplitude 

oscillatory method as follows: 0.0263 mg/ml AX solution was mixed with water, peroxidase 

enzyme solution and H2O2 to reach a final concentration of 0.02 mg/ml AX, 20 µM H2O2 

and 30 U/ml peroxidase activity. The solutions were kept at 4°C before mixing. After 

mixing, the solution was immediately placed on the rheometer plate, of which temperature 

was set to 4 °C. A solvent trap cover was used with silicone oil to prevent water 

evaporation. AX gelation was started by an increase in temperature from 4°C to 20 °C. 

Measurements were carried out at 20 °C by recording the storage modulus (G'), the loss 

modulus (G''), and the phase angle δ (G''/G'). Time sweep measurement was carried out at a 

frequency of 0.25 Hz, 20°C, and 5% strain (linear range of visco-elastic behaviour). 

Frequency sweep (0.01–10 Hz) was carried out at the end of the network formation 

(30 min) at 5% strain and 20 °C. 

4.8  •OH oxidation experiment 

 

AX solution was prepared by dispersing 131.6 mg AX preparation in water to reach a final 

volume of 5 ml. The dispersion was heated and vortexed frequently in a water bath at 80 °C 

until the solid material was entirely dissolved. AX solution was prepared freshly every day. 

•OH-oxidized samples were prepared by adding H2O, Fe 
2+

, AH2, and H2O2 in this order to 

the AX solution to reach the given final concentrations (Table 5). 

 

Table 5 

Final concentrations of feruloylated arabinoxylan (AX), ferrous ion (Fe2+), 

ascorbic acid (AH2), and hydrogen peroxide in oxidation experiments. 

Name of treatment 

AX 

(% 

w/v) 

Fe 2+ 

(µM) 
AH2 (µM) H2O2 (µM) 

Non-oxidized (NOX) 2 0 0 0 

Oxidation level 1 (OX1) 2 50 500 500 

Oxidation level 2 (OX2) 2 100 500 500 
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In order to monitor the viscosity change and the evaluation of the EPR signal 

simultaneously, the samples were split into two. The sample-pairs (one for viscosity, one for 

EPR measurement) were incubated together and the measurements were carried out at the 

same time. Experiments were carried out at different temperatures, i.e. 20 °C, 50 °C, and 

80 °C. The EPR spectra and the viscosity were recorded (Section 4.8.1 and 4.8.2) at 

different times of incubation (0 min, 30 min, 60 min, 90 min, 120 min, and 180 min). 

Ascorbic acid, iron (II) sulphate, and hydrogen peroxide solutions were prepared freshly 

every day, 15 min before the beginning of the tests to avoid changes during storage. The 

experiment was designed considering the results of earlier studies on beta-glucan (Faure et 

al., 2012, 2013). Measurements were carried out in triplicate. 

4.8.1  Spin trapping and electron spin resonance measurement 

 

The formation of •OH was indirectly monitored with EPR measurement using POBN-EtOH 

spin trapping with initial addition of the spin trap according to Faure, Andersen, & Nyström 

(2012). EtOH and POBN solutions were added to the sample of interest right after the 

beginning of the oxidation (Section 4.7) to reach a final concentration of 2 % (v/v) and 50 

mM respectively. Afterwards the mixture was vortexed and incubated. Sample aliquots 

were collected (50 µL micropipettes (Brand GmbH, Wertheim, Germany)) and EPR signal 

was measured at different incubation times (Section 4.7). The EPR spectra were recorded 

with a High Sensitive Benchtop EPR Spectrometer MiniScope MS300 (Magnettech, Berlin, 

Germany) at room temperature using the following settings: B0-field: 3350 G; sweep width: 

100 G; sweep time: 30 s; steps: 4096; number of passes: 3; modulation frequency: 1000 

mG; microwave attenuation: 10 dB. Relative EPR signal corresponding to the content of 

spin adducts was obtained by calculating the ratio between the peak-to-peak- amplitude of 

the first doublet in the EPR signal of POBN-hydroxyethyl radical adduct and the peak-to-

peak-amplitude of the first singlet in the EPR signal of a TEMPO ((2,2,6,6-

tetramethylpiperidin-1-yl)oxidanyl) reference solution (2 μM in H2O). The TEMPO 

solution was measured in triplicate on each day. 

4.8.2  Rotational rheometry of AX solutions 

 

Rotational rheological measurements were carried out using an AR-2000 rheometer (TA 

Instruments, New Castle, DE, USA) equipped with a cone (plate radius: 20mm; cone angle: 

2°) and plate geometry. 59 μm gap between the cone and plate was used (Faure et al., 

2013). To measure the apparent viscosity of the •OH-oxidized AX solutions, aliquots were 

collected from the incubated AX solutions with micropipettes (110 µl) at different 

incubation times (Section 4.7) and were placed on the plate of the rheometer. The 
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temperature of the measurements was 20 °C. The flow curves were obtained in rotational 

mode over a shear rate range of 10–1500 1/s. Comparison of the results was done at 40 1/s. 

Due to the high deviation of the absolute values of viscosity, remaining viscosity was 

calculated according to Eq. (5). 
 

(5)                                   
                        

 

 
                                

                        
 

 
                                  

     

4.9  Preparation of oxidized AX materials 

 

AX solution was prepared by dispersing AX preparation in water. The dispersion was 

heated in a water bath at 80 °C with continuous stirring, until the solid material was entirely 

dissolved. The solution was transferred into a screw-cap bottle and oxidizing agents were 

added according to Table 5: Non-oxidized AX (NOX): 0.02 mg/ml AX in water; •OH-

oxidized 1 and 2 (•OH1 and •OH2): 0.02 mg/ml AX, 50 µM Fe, 500 µM ascorbic acid, and 

H2O2; AX crosslinked with peroxidase (POD); 20 µM H2O2, 30 U/ml peroxidase enzyme. 

The samples were incubated in a water bath at given temperature for 180 min: NOX, •OH1, 

and POD at 20 °C, •OH2 at 80 °C, producing samples at two different levels of •OH 

oxidation (•OH1<•OH2). At the end of the oxidation treatment the viscosity of the •OH-

treated solutions and the gelling behaviour of the crosslinked material were measured 

(NOX: 0.16 Pa.s (100 %), •OH1: 0.07 Pa.s (42 %), •OH2: 0.03 Pa.s (21 %)) and were in 

agreement with the results of experiments described in Section 5.2.2.4. Afterwards equal 

amount of ethanol was added to the samples to precipitate the polymer. The samples were 

stirred vigorously and transferred into ultracentrifuge tubes. Ultracentrifugation was carried 

out at 48000 rcf for 40 min. Afterwards the supernatant was discarded and the pellet was 

washed 3 times with 1:1 EtOH:H2O mixture in order to rinse off the oxidizing agents and 

once with EtOH to inactivate the enzyme. The pellet was freeze-dried and pulverized with a 

ball mill equipped with a 15 ml grinding bowl and one grinding ball with a diameter of 15 

mm (Mini-Mill Pulverisette 23, Fritsch, Idar-Oberstein, Germany). The oxidized AX 

samples were stored in glass containers at room temperature. 

 

4.10  Examination of oxidized AX materials 

4.10.1  Molecular size distribution of AX 

 

A chromatography method was carried out based on Loosveld & Delcour (2000). Aliquots 

(2.0 mg) of the oxidized AX samples were solubilised in 0,3 % m/m NaCl solution at 80 °C, 

filtered (0,45 µm) and separated on a Shodex, OHpak 10 µm SB-804 HQ 200 A (300 mm * 
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8 mm) gel filtration column (Phenomenex Inc, Torrance, California, USA) by elution with 

0.3 % NaCl (0.3 ml/min at 38°C). The refractive index of the eluate was monitored using a 

Flexar RI LC detector (PerkinElmer Inc, Waltham, Massachusetts, USA) at 38°C. 

Molecular weight (MW) markers were Shodex Standard P-82 pullulans with an MW range 

of 5.900-708.000. Measurements were carried out in triplicate. 

 

4.10.2  Determination of bile acid-binding capacity of oxidized AX 

 

The bile salt retention capability of AX was determined with kinetic analysis across a 

dialysis membrane according to Gunness, Flanagan, Shelat, Gilbert, & Gidley (2012). A 

phosphate buffer (0.1 M, pH 6.2) was used throughout the analysis. A 40 mM bile salt 

mixture was prepared that consisted of 10 mM sodium cholate, 10 mM sodium 

deoxycholate, 10 mM sodium glycocholate, and 10 mM sodium taurocholate dissolved in 

the phosphate buffer. AX isolate was dissolved at 80 °C in the phosphate buffer, using 

NOX, •OH1, •OH2, and POD samples. To investigate the barrier properties, AX solution 

and the bile salt mixture were transferred into a dialysis device (slide-A-Lyzer MINI 

Dialysis Device, 10K MWCO, 2mL; Thermo Scientific Pierce Protein Research Products, 

Rockford, Illinois, United States) to reach a final concentration of 0.02 g/ml and 10 mM 

respectively. Micelle formation was detected in the mixture with light scattering 

measurements (data not shown), demonstrating that the applied concentration was higher 

than the critical micellar concentration, which is desirable for bile acid-binding tests 

(Gunness & Gidley, 2010). The control was prepared by replacing AX solution with the 

phosphate buffer. The dialysis device was placed into a 50 mL-conical tube that was 

previously filled with 44.5 ml buffer. The tube was sealed with a screw-top cap, and was 

incubated and shaken at 280 rpm and 37 °C. After 2, 4, 8, 12, 16, 24, and 48 hours of 

incubation the dialysis device was carefully removed and 2 µl of the dialysate was 

transferred into a disposable plastic cuvette (1.5 ml) and was analysed with an enzymatic kit 

(Total Bile Acids Test Kit (Enzyme Cycling); Diazyme Europe GmbH, Dresden, Germany) 

for total bile acid concentration using a spectrophotometer (Cary 100 UV-Vis, Agilent 

Technologies, Santa Clara, California). After each sampling the dialysis device was placed 

back into the tube and the incubation was continued until the next sampling. The obtained 

values were evaluated by fitting first-order kinetics (Eq. (6)) to the data according to 

(Gunness et al., 2012). 

(6) Dt=Df(1-exp[-Kt]) 
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where Dt, concentration of bile salts in dialysate at time t (µM), Df, concentration of bile 

salts after equilibrium (µM); K, apparent permeability rate constant (h
-1

); time (h). 

Measurements were carried out in triplicate. 

 

4.10.3  Determination of dough-forming behaviour and pasting properties of 

flour with oxidized AX addition 

 

 

4.10.3.1  Blending of AX and flour for rheological measurements 

 

4 g/100g AX containing blends were prepared prior to each rheological test with a micro-

doughLAB instrument (Perten Instruments, Hägersten, Sweden) using Flour A and Flour B 

(Section 4.1.1). 4 g/100g AX concentration was applied in order to produce dough that 

contains sufficient amount of AX to fulfil the requirement of the corresponding EFSA 

claim, (i.e. “maybe used only for food which contains at least 8 g AX-rich fibre produced 

from wheat endosperm (≥60 % AX) per 100 g of available carbohydrates in a quantified 

portion as part of the meal” (European Commission, 2012) and therefore can be considered 

as value-added food material. The flour and the AX samples were added to the mixing bowl 

of micro-doughLAB and were blended for 10 minutes at 63 rpm.  

 

4.10.3.2  Rapid visco analyser (RVA) 

 

For RVA measurements blended samples were removed from the mixing bowl of the 

doughLab and were added to RVA sample cans. RVA General Pasting Method was used 

according to the AACC Method 76-21 (AACC International, 1999e). Peak (cP), Trough 

(cP), Breakdown (cP), Final viscosity(cP), Setback(cP), Peak time (min), and Pasting 

temperature (°C) parameters were calculated by the software of the instrument. Triplicate 

measurements were carried out. 

4.10.3.3  micro-doughLAB 

 

A micro-doughLAB instrument was used to determine the optimum water absorption 

(adjusted for peak target and flour moisture basis (14 %); %), the Development time (time 

to reach the peak resistance; min), Arrival time (the time required for the top curve to reach 

the peak resistance; min), Departure time (the time required for the top curve to fall below 
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the peak resistance; min), Stability (the difference between the Arrival and Departure times; 

min) , Softening (the difference between the peak resistance and the mid-curve torque at 12 

min; FU), Peak Energy (the accumulated mechanical energy applied to the dough up to the 

development time; Wh/kg), Bandwidth at Peak (the difference between the top-curve torque 

and the bottom-curve torque at the development time; FU) following the AACC Method 54-

21(AACC International, 1999e). After mixing AX and flour for 10 min at 63 rpm in the 

mixing bowl, the samples were mixed with water at 30 °C at a constant speed of 63 rpm to 

achieve a dough consistency of 500 FU. The duration of the measurement was 20 min. 

Triplicate measurements were carried out at the optimum WA. 

4.11  Statistical analyses 

 

The comparison of  the effects of different factors were carried out with Statistica 12 

software (StatSoft Inc., Tulsa, Oklahoma, USA) using ANOVA. Post-hoc tests were done 

with Tukey HSD test. Where data did not meet the requirements of ANOVA, Kurskal-Wallis 

non-parametric test was used. 5% significance level was applied unless otherwise indicated. 

Results of pasta profile analysis were examined with t-test for a single mean. The observed 

mean of each property of the AP was compared to the corresponding, anchored value of the 

CP. Simple regression was used for the analysis of the effects of ARF addition on cooking 

parameters, pasta texture attributes, and pasta acceptance scores. Difference in acceptance 

was examined between the two groups with homogeneity-of-slopes model. In the case of 

bread profile analysis, outliers (out of the range of mean ± standard deviation) were 

excluded from the analysis. Hierarchal cluster analysis (Ward's method and Euclidian 

distances), ranking preference (Friedman test with Dunn post hoc test), and penalty analysis 

were carried out using XL-Stat software (Addinsoft, New York, USA). 
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5 RESULTS AND DISCUSSION 

5.1  Results and discussion of the effects of ARF on the quality of pasta and bread 

products 

 

The comprehensive investigation of fibre-rich food model products requires a complex 

approach that takes into consideration the raw materials, the compositional traits, the 

instrumentally measured properties, the sensory attributes, the consumer acceptance of the 

products, and evaluates them together. Furthermore, the presentation of the physical-

chemical properties of the newly developed ARF is also necessary since its characterisation 

has not been published until know. 

5.1.1  Particle size distribution of ARF in comparison with WF and WPF 

 

Particle size distribution play an important role in the functionality of different milling 

products, therefore its characterisation is essential. There were considerable differences in 

the particle size distribution among the examined flours. ARF contained considerably 

higher amount of particles in the small particle size region (0-150 µm) than WPF (Fig. 11). 

The particle size distribution of ARF was similar to WF; the majority of the particles (about 

85 g/100g) had a size below 150 µm. This result demonstrates that in comparison with 

conventional fibre-rich wheat milling fractions (i.e. bran) ARF has fine particle size. The 

coarse particle-size of WPF was obvious; only 4 g/100g of its particles was smaller than 

150 µm.  

 

 

Fig. 11 Particle size distribution of ARF (aleurone-rich flour) ( ), WPF (wheat pasta flour) ( ) and WF (

). Mean of triplicates and 95 % confidence interval of means are presented. 
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The small particle size of ARF might have an influence on its nutritional value and on its 

techno-functional properties due to the high specific interaction surface. Improved 

antioxidant capacity and bile acid-binding, greater bioavailability of phenolic compounds 

and vitamin E, greater production of colonic SCFA, as well as a faster digestion rate, which 

can increase the transit time and decrease the faecal bulking, were related to particle-size 

reduction of milling fractions (Rosa-Sibakov et al., 2015). It was also reported that small 

particle size had a significant effect on the technological properties of milling fractions, 

although it was not clear if particle size reduction had beneficial, or adverse effects, because 

literature data were highly contradicting (Prückler et al., 2014; Sibakov et al., 2013). 

 

 

5.1.2  Composition of ARF, AP, and AB in comparison with conventional 

products (WF, WB, and WPF) 

 

Also great differences were revealed between the composition of white flours (WF and 

WPF) and ARF. ARF had considerably higher crude protein, crude fat, DF, AX, and ash 

content than WF and WPF (Table 6). The chemical composition of ARF was similar to the 

aleurone enriched fraction examined by Bach Knudsen et al. (1995). 

 

The high protein content of ARF can originate from the germ, from the aleurone-layer 

and/or from the subaleurone cells since these are the anatomical parts of the wheat kernel 

that possess outstandingly high protein content (Table 2) (Bechtel, Abecassis, Shewry, & 

Evers, 2009; Brouns et al., 2012). As the germ is removed in the applied industrial process, 

I strongly assume that ARF is rich in aleurone layer and/or in subaleurone cells. It has to be 

noted that the process does not produce entirely concentrated ARF but is optimized 

according to the manufacturer’s requirements. This can be seen in the DF content of ARF, 

which falls short of the DF content of pure aleurone layer (44-50 g/100g) (Amrein, 

Gränicher, Arrigoni, & Amadò, 2003). To explore the proportion of different grain tissues 

in ARF, carrying out biochemical marker analysis (Y. Hemery et al., 2009) would be 

expedient. 

 

The DF content of ARF was more than three times and almost five times higher than that of 

WF and WPF respectively. This difference resulted from the insoluble DF content since the 

soluble DF content of ARF was similar to that of the white flours. The AX content of ARF 

was remarkably high: two-thirds part of its DF fraction consisted of AX. The WEAX 

content of ARF was similar to that of WF and WPF. There was a significant difference in 

the arabinose/xylose ratio of the total AX between the flours; ARF contained higher amount 
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of arabinose than WF and WPF, which indicates to a higher degree of branching. There was 

no considerable difference in the arabinose/xylose ratio of the water-extractable fraction 

between the flours. The available carbohydrate content of ARF was 25 g/100g and 33 

g/100g lower than that of WF and WPF respectively.  

 

Differences in chemical composition between ARF and refined flours were mirrored in the 

ready-to-eat products as well (Table 6). Most importantly, AB and AP products contained 8 

and 6 g/100g higher amount of DF and about 18 and 13 g/100g less available carbohydrate 

than WB. The total AX content of the AP and AB products were about 3 g/100g higher than 

that of the conventional products. AP and AB possessed higher protein, crude fat, and ash 

content than CP and WB.  

 

Compared to literature data of corresponding wholemeal products (Food Standard Agency, 

2002; Souci, Fachmann, & Kraut, 2008), AP and AB had remarkably more beneficial 

composition. AB had nearly two times higher protein content and possessed higher amount 

of DF and total AX than wholemeal bread. The available carbohydrate content of AB was 

15 g/100g lower than that of wholemeal bread. AP had more than two times higher protein 

and DF content, and 10 g/100g lower available carbohydrate content than wholemeal 

spaghetti. 
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Table 6 

   Composition of WF (wheat flour), WPF (wheat pasta flour), ARF (aleurone-rich flour), WB (white bread), AB (bread made of aleurone-rich flour), CP (conventional pasta), AP (pasta made of 

aleurone-rich flour), and literature data of wholemeal bread and wholemeal spaghetti. Mean values in the same row followed by different superscript letters are significantly different (p<0.05). 

  Flour Bread Pasta 

  WF WPF ARF WB AB 

Wheat 

wholemeal 

bread 

CP, cooked AP, cooked 
Wholemeal 

spaghetti 

Moisture/water (g/100g) 13.36 ± 0.03
 a
 12.95± 0.08

 b
 11.82 ± 0.02

 c
 44.54 ± 0.24

 d
 46.9 ± 0.36

 e
 42.6

 *
 68.2 62.9 69.1

***
 

Crude protein (g/100g) 11.86 ± 0.04
 a
 11.35 ± 0.06

 b
 23.52 ± 0.16

 c
 8.04 ± 0.07

 d
 13.26 ± 0.16

 e
 7.55 

*
 4.92 ± 0.01

 f
 12.72 ± 0.05

 g
 4.7

***
 

Crude fat (g/100g) 1.41 ± 0.06
 a
 0.32± 0.01

 b
 3.76 ± 0.08

 c
 0.07 ± 0.01

 d
 1.03 ± 0.08

 e
 0.86

 *
 0.0

 f
 0.52 ± 0.04

 g
 0.9

***
 

Ash (g/100g) 0.54 ± 0.06
 a
 0.18 ± 0.02

 b
 3.38 ± 0.02

 c
 0.98 ± 0.11

 d
 2.38 ± 0.08

 e
 1.52

 *
 0.71 ± 0.06

 f
 1.83 ± 0.01

 g
 n.a. 

Total dietary fibre (g/100g) 4.41 ± 0.01
 a
 3.28 ± 0.08

 b
 15.51 ± 0.45

 c
 2.84 ± 0.26

 d
 10.62 ± 0.75

 e
 7.41

 *
 1.70 ± 0.06

 f
 7.76 ± 0.58

 g
 3.5

***
 

Soluble dietary fibre (g/100g) 1.47 ± 0.09
 a
 1.22 ± 0.01

 b
 1.25 ± 0.82

 abc
 0.96

 c
 ± 0.07 1.3

 
± 0.29

 abc
 1.55

 *
 0.54 ± 0.03

 d
 1.09

 
± 0.10

 abc
 n.a. 

Insoluble dietary fibre (g/100g) 2.92
 
± 0.01

 a
 2.06

 
± 0.08

 b 
14.26

 
± 0.37

 c
 1.88

 
± 0.03

 d
 9.31 ± 0.14

 e
 5.86

 *
 1.16 ± 0.0

 f
 6.67 ± 0.08

 g
 n.a. 

Total arabinoxylan (g/100g) 3.33 ± 0.24
 a
 2.20 ± 0.01

 b
 11.02 ± 0.41

 c
 1.89 ± 0.17

 d
 5.44 ± 0.15

 e
 4.26

**
 0.89 ± 0.10

 f
 4.06 ± 0.20

 g
 n.a. 

Arabinose/Xylose ratio 0.48 ± 0.01
 a
 0.52 ± 0.02

 a
 0.66 ± 0.01

 b
 0.48 ± 0.02

 a
 0.66 ± 0.01

 b
 n.a. 0.54 ± 0.02

 a
 0.72 ± 0.01

 c
 n.a. 

Water extractable arabinoxylan(g/100g) 1.08 ± 0.06
 a
 0.95 ± 0.05

 a
 0.94 ± 0.02

 a
 0.42 ± 0.06

 b
 0.35 ± 0.10

 bc
 0.54

**
 0.26 ± 0.05

 bc
 0.21 ± 0.03

 c
 n.a. 

Arabinose/Xylose ratio 0.61 ± 0.01
 a
 0.62 ± 0.02

 a
 0.60 ± 0.01

 a
 0.66 ± 0.02

 b
 0.66 ± 0.01

 b
 n.a. 0.64 ± 0.03

 ab
 0.68 ± 0.02

 b
 n.a. 

Available carbohydrate
**** 

(g/100g) 68.42 75.38 42.03 43.52 25.8 40.7
 *
 24.47 13.59 23.2

***
 

* 
Souci et al. 2008, 

**
 Lappi et al., 2010, 

*** 
Food Standard Agency, 2002, 

**** 
calculated 
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5.1.3  Effect of ARF on pasta quality 

5.1.3.1  Effect of ARF addition on cooking quality 

 

The water uptake of pasta decreased significantly (p =0.000, r
2
=0.92) with growing amount 

of ARF (Fig. 12). This value was 171.1 g water/100 g pasta for CP, and was 127.1 g 

water/100g pasta for AP on average. This tendency was similar to the generally reported 

effect of wheat bran addition (Section 3.2.1). The physical-chemical background of this 

phenomenon is probably related to the decreased available carbohydrate (mainly starch) and 

the increased fibre content (Table 6). In the case of AP high protein and fat content might 

also have played a role (see discussion in Section 5.1.3.5). 

 

 
Fig. 12 Effect of ARF (aleurone-rich flour) addition on water uptake, cooking loss, firmness, tensile strength, 

adhesiveness and extensibility of pasta. Means of quadruplets, 95 % confidence interval of means, and linear 

regression lines are presented. 

 

 

Pure AP and CP showed 2.12 g/100g and 2.55 g/100g cooking loss, respectively. Although 

these values significantly differ (p=0.001), considering the results of blend pasta it can be 

concluded that ARF addition did not result in obvious increase of this value (p=0.95) (Fig. 

12). This result implies that ARF addition does not cause poorer pasta quality with respect 

to cooking loss. It also suggests that ARF addition results in better pasta quality than wheat 
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bran or wholemeal flour incorporation, for which considerable increase in cooking loss 

were reported (3.2.1). This difference might result from the high protein content, high fat 

content, and from the carbohydrate composition of ARF (see discussion in Section 5.1.3.5). 

 

5.1.3.2  Effect of ARF addition on textural properties of pasta 

 

All results of texture analyses are presented on Fig. 12. Addition of ARF caused sharply 

defined linear increase in cooked pasta firmness (p<0.001; r
2
=0.81). It was an opposite 

effect than it was generally reported for wheat bran or wholemeal flour addition (Section 

3.2.1). I assume that the particular compositional traits, namely high protein, high fat 

content, and the carbohydrate composition of ARF were primarily responsible for this 

behaviour (see discussion in Section 5.1.3.5). It has to be noted that Shiau et al. (2012) also 

reported increasing cutting force examining wheat flour made pasta with addition of wheat 

bran and purified wheat fibre. However, it is unclear whether similar mechanisms, as those 

operating in my experiments, were responsible for the increase of firmness in their results. 

 

Addition of ARF resulted in significant linear increase of adhesiveness values (p<0.00; 

r
2
=0.54), which indicates lower stickiness. Chen et al. (2011) reported similar behaviour in 

the case of wheat bran addition. Decreased stickiness might primarily have resulted from 

the reduction of available carbohydrates (especially starch), which contributed to lower 

amount of leaching material. This suggestion is in accordance with the explanation of 

(Aravind et al., 2012). Similarly to firmness, high protein and fat content might also have 

played a key role in decreased stickiness (see discussion in Section 5.1.3.5). 

 

Tensile strength showed significant linear increase (p<0.00; r
2
=0.35) with growing amount 

of ARF, while no significant effect (p=0.06) was observed for extensibility. This latter 

result demonstrates that ARF addition to pasta had less negative effect on the formation of 

the gluten network than wheat fibre or wheat bran addition, which caused reduced 

extensibility (Shiau et al., 2012). 

 

5.1.3.3   Effect of ARF addition on pasta acceptance 

 

The results of hybrid hedonic tests met the requirements of regression models as indicated 

by Villanueva & Da Silva (2009). Acceptance scores of pasta are presented on Table 7. No 

significant changes were found in the liking of appearance, colour, and odour (p=0.31, 0.15, 

0.69), while liking scores of texture, flavour, and overall acceptance showed significant 
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negative connection (p<0.01; r
2
=0.02, 0.11, 0.08) with the proportion of ARF (Table 7). All 

samples were given higher liking scores than 50 on average, which indicates that assessors 

judged the AP products to be better than neutral. 

 

Table 7 

Effect of ARF (aleurone-rich flour) addition on pasta acceptance regarding different properties. Means of 

60 tests and 95 % confidence interval of means are presented. ARF addition has a statistically significant 

effect on the variables marked with an asterisk. 

ARF content 

(g/100g) 
Appearance Colour Odour Texture* Flavour* 

Overall 

acceptance* 

0 76.3 ± 7.9 77.4 ± 8.2 70.3 ± 8.4 75.6 ± 8.0 85.8 ± 6.7 79.3 ± 7.6 

15 74.8 ± 6.3 77.9 ± 6.6 76.2 ± 6.4 79.4 ± 6.5 80.8 ± 5.6 79.1 ± 6.5 

40 75.9 ± 5.0 76.6 ± 5.2 75.2 ± 6.8 71.9 ± 6.2 74.8 ± 6.5 70.6 ± 7.5 

75 71.3 ± 6.3 71.8 ± 6.8 74.5 ± 7.5 68.3 ± 7.6 62.8 ± 7.7 59.6 ± 8.3 

100 73.2 ± 6.1 73.2 ± 6.9 74.2 ± 7.8 66.8 ± 7.2 61.7 ± 7.7 59.8 ± 8.0 

*significant effect of ARF addition (p<0.05) 

 

The number of assessors who answered that they regularly buy non-conventional pasta is 

32;, while 28 assessors answered that they never buy non-conventional products. For all 

examined properties the regression line of "non-conventional pasta buyer" group had higher 

slope value than the corresponding regression line of "conventional pasta buyer" group, 

which indicated higher acceptance of AP. Significant difference in the regression slopes 

across the groups was found regarding appearance, colour, and overall acceptance (p=0.01, 

0.04, 0.04). The effect of the two groups on overall acceptance is illustrated on Fig. 13. This 

result corresponds to the findings of Kordonowy & Youngs (1985), who presented that 

higher acceptiblity of bran added pasta is related to brown bread preference. 

 

The results of the acceptance tests are in accordance with the results of earlier studies, 

where it was also concluded that pasta acceptance decreased with wheat bran incorporation 

(Aravind et al., 2012; J. S. Chen et al., 2011; Kaur et al., 2011; Kordonowy & Youngs, 

1985).  
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Fig. 13 Effect of ARF (aleurone-rich flour) addition on overall acceptance of pasta regarding “non-

conventional pasta buyer” ( ) and “conventional pasta buyer” ( ) consumer groups. Means and 95% 

confidence interval of means, and linear regression lines are presented. 

 

5.1.3.4   Sensory profile of AP in comparison with CP 

 

Qualitative differences between the sensory profile of cooked AP and CP were revealed 

(Fig. 14). Significant differences (p<0.001) were found between the two samples in every 

examined property apart from evenness (p=0.07). AP proved to be darker (browner) and 

more intense in colour, with lower homogeneity of colour than CP. AP had higher global 

taste intensity and had significantly more intense bitter and sour taste than CP. The bitter 

odour and flavour attributes probably resulted from phenolic acids and other flavour-active 

components that can be found abundantly in the outer layers of the kernel (Heiniö et al., 

2016). From the viewpoint of texture AP was firmer, less extensible, less sticky, and looser 

during chewing (higher “disintegration during chewing” value) than CP. These results were 

in accordance with the results of the instrumental texture analysis (Fig. 12). Both 

measurements indicated that AP is firmer and less sticky (adhesiveness values showed 

uptrend) than CP. Instrumental extensibility measurements showed that AP was not more 

extensible in the strict sense but had higher tensile strength than CP. In the author’s opinion 

this latter property was reflected in sensory profile as low extensiblity. My results are in 

accordance with earlier studies (Aravind et al., 2012; West et al., 2013), in which it was 

concluded that wheat bran addition resulted in darker product that had considerably 

different flavour than refined pasta. 
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Fig. 14 Sensory profile of AP (pasta made of aleurone-rich flour) ( ) and CP (conventional pasta) ( ). 

Means of 12 tests are presented. 

 

5.1.3.5  Relationship between compositional traits of ARF and AP quality 

 

In earlier publications it was shown that wheat fibre incorporation resulted in low pasta 

quality compared to conventionally consumed pasta: decreased firmness and higher cooking 

loss was reported. These properties were generally explained by bran particles disrupting 

the gluten matrix (Aravind et al., 2012; Manthey & Schorno, 2002). AP showed opposite 

behaviour in these respects (higher firmness and not increasing cooking loss) although it 

contained high amount of DF. This indicates that other factors compensated the adverse 

effects of fibre inclusion. It can be supposed that the particular composition of ARF was 

primarily associated with this phenomenon. Hereinafter I look through the properties of 

ARF that could have contributed to the observed behaviour. 

 

High protein content (23.52 g/100g) of ARF is the most crucial difference between the 

composition of ARF and wheat bran fraction or wholemeal flour. Based on the results of 

earlier studies I assume that high protein content was responsible for higher firmness (Del 

Nobile, Baiano, Conte, & Mocci, 2005; Petitot, Boyer, Minier, & Micard, 2010; Sissons, 

Egan, & Gianibelli, 2005) and lower stickiness (Del Nobile et al., 2005; Sissons et al., 

2005) of AP compared to CP. High protein content might also have been related to lower 

water uptake (Petitot et al., 2010) and might also have had an influence on cooking loss 

(Malcolmson, Matsuo, & Balshaw, 1993). Besides, protein profile of the aleurone layer 
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probably also had an importance in the functionality of ARF. During conventional milling 

aleurone-specific non-gluten proteins (proteins involved in metabolism, defence enzymes, 

inhibitors, globulin-like proteins) (Jerkovic et al., 2010) are removed and therefore are not 

important in determining quality properties (Lafiandra et al., 2012). Since ARF is likely to 

be enriched in aleurone layer (Section 5.1.2), these proteins might have had a relevant role 

in the quality of AP. The end-product-related effects of these proteins have not been studied 

yet. 

 

In addition to the protein profile, the carbohydrate composition of ARF might also have 

played an important role in the behaviour of AP (Tömösközi et al., 2012). While other parts 

of the bran consist of large quantities of cellulose, the main non-starch polysaccharides of 

ARF are AXs (Table 6). This difference can result in dissimilar behaviour between ARF 

and other high-fibre containing milling products since AXs are more reactive dough 

constituents than cellulose and they affect the rheological properties of wheat dough by 

means of physical and chemical interactions as well (Section 3.5). 

 

Based on earlier studies (Aravind et al., 2012; Grant, Dick, & Shelton, 1993; Matsuo, 

Dexter, Boudreau, & Daun, 1986) it can be supposed that the relatively high crude fat 

content (3.76 g/100g) of ARF contributed to higher firmness, lower stickiness, and to not-

increasing cooking loss of AP compared to CP. The presumed theory behind this 

phenomenon is that high amount of fat material reduced the starch granule disruption by 

means of binding to the granules, ensuring a firm starch gel in the pasta and so resulting in a 

firmer product. Furthermore, reduced starch granule disruption might also have led to a 

reduction of solid material leaching, in this manner contributing to lower cooking loss and 

to lower stickiness (Aravind et al., 2012). That for ARF I measured considerably higher 

crude fat content than for AP (Table2) shows that remarkable lipid binding occurred during 

pasta processing. This theory could be confirmed by further investigation of fat content, 

with particular respect to bound lipids. Furthermore, high fat content of ARF might also 

have contributed to lower water uptake, as Grant et al. (1993) found that added lipid 

components, namely monoglycerides, resulted in decreased cooked weight. The 

hydrophobic properties of lipid components might also have played a role in this behaviour. 

 

Another essential aspect can be the fine particle size of ARF (Section 5.1.1). It was 

probably also of importance in the increasing firmness and reduced stickiness through 

enhancing the binding of available amylose (Chen et al., 2011; Grant et al., 1993). 
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5.1.4  Effect of ARF on bread quality 

5.1.4.1  Effect of ARF addition on loaf size 

 

Besides pasta making, ARF proved to be applicable for bread production as well. The 

examined bread products can be seen on Fig. 15. The pictures demonstrate that ARF was 

suitable for bread production, and that there were considerable differences between WB and 

AB products. ARF addition caused a decrease in loaf height and in specific volume (Fig. 

16). AB had about 27 % lower specific volume and 13 % lower height than WB. Since loaf 

size is considered to be the major quality-defining property of bread products, it can be 

stated that ARF addition lowered the quality of bread. 

 

 
Fig. 15 White bread (WB), bread made of aleurone-rich flour (AB), and blended breads (40 % aleurone-rich 

flour containing bread (40 % AB) and 75 % aleurone-rich flour containing bread (75 % AB)) prepared with 

ICC 131 Standard Method (ICC, 1980). 
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The reduction of loaf size is a generally reported effect of cereal fibre addition (Foschia et 

al., 2013; Ktenioudaki & Gallagher, 2012). However, the background of this behaviour is 

not clearly understood (Section 3.2.1). According to the latest theories certain fibre 

components interfere with the gluten matrix through various components, such as ferulic 

acid monomers that are bound to AX chains and play an important role in the gluten-fibre 

interactions (Section 3.5). Since ARF contained high amount of AX (Table 6) these 

interactions could have had great importance in AB dough development and also in the 

further development of this product (Section 5.1.4.2). 

 

Outstandingly high protein content of ARF probably also affected the end-product quality 

of AB. However, there is no data published about the protein profile of ARF, which is likely 

to be of importance in determining bread quality. Similarly to pasta (Section 5.1.3.5), the 

non-gluten proteins of the aleurone-layer might have had a relevant role in determining the 

quality of AB as well. 

 

Besides, the high lipid content (high crude fat content implies that there are high amount of 

wheat lipids in ARF) could also have had a great effect on the quality of AB since it has 

been shown that wheat lipids have an influence on baking processes (Pareyt, Finnie, 

Putseys, & Delcour, 2011). 

 

5.1.4.2  Effect of ARF addition on textural properties of bread 

 

The results of the textural characterisation showed a clear effect of ARF addition (Fig. 16). 

The hardness of the bread crumb increased, while the springiness and the cohesiveness 

decreased significantly with ARF addition. Between WB and AB the hardness decreased by 

37 %, whereas for springiness and cohesiveness, this value was 16 % and 13 % 

respectively. 
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Fig. 16 Effect of aleurone-rich flour (ARF) addition on specific volume, height, hardness, springiness, and 

cohesiveness of bread. Means of 12 measurements and 95 % confidence interval of means are presented. . 

Mean values on the same graph followed by different superscript letters are significantly different (p<0.05). 

 

Increased bread crumb hardness is a generally observed effect of fibre enrichment 

(Ktenioudaki & Gallagher, 2012). Decreased cohesiveness was also observed by Blandino 

et al. (2013), who examined a pearling fraction that presumably contained the aleurone 

layer. On the other hand, they reported that the springiness of the examined bread products 

did not change, while I observed a decrease in the springiness by ARF addition. It has to be 

noted that Blandino et al. (2013) examined flour blends only up to 25 % and that the 

pearling fraction was considerably different from the ARF examined in this study. 

 

It is likely that the textural changes were caused by similar factors to those that provoked 

loaf size reduction (Section 5.1.4.1). It is worthy of note that there are several possible 

alternatives to overcome these negative effects of fibre addition, e.g. fibre modification or 

optimization of the baking process (Hartikainen & Katina, 2012). One of the most 

promising ways of improving the quality of the high AX containing AB might be the 

application of endoxylanase enzymes, which increase the proportion of WEAX at the 

expense of WUAX (Section 3.6.1). 
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5.1.4.3   Sensory profile of bread products 

 

For bread a broader evaluation of sensory traits were carried out than in the case of pasta. 

The sensory attributes defined by the panel, the intensity values of the reference sample, and 

the results of profile analysis are presented in Table 8. There was no significant difference 

among the samples in terms of hardness with biting, crumb cohesiveness, yeast flavour of 

the crumb, global crust flavour intensity, and sweet taste of the crust. Some of these results 

were in contradiction with the results of the instrumental texture analysis (Fig. 16), which 

indicated that ARF addition led to harder crumb texture and lower crumb cohesiveness. 

These contradictions might have resulted from differences between human perception and 

the instrumental measurement. 

 
Table 8 

Attributes and descriptive terms of profile analysis, values of the reference sample (WB - white bread), and the results of 

the examined 40% aleurone-rich flour containing bread (40 % AB) and the bread made of aleurone-rich flour (AB). Means 

± standard deviation is presented. Mean values in the same row followed by different superscript letters are significantly 

different (p<0.05). 

Attribute Weak end point Intense end point 
WB 

(reference) 
40 % AB AB 

Whole bread properties 

appearance 

   
   

homogeneity of the crust colour inhomogeneous homogeneous 80
a
 85 ± 5

b
 95 ± 5

c
 

homogeneity of the crust surface inhomogeneous homogeneous 10
a
 71 ± 8

b
 71 ± 8

b
 

flatness not flat flat 60
a
 58 ± 10

a
 49 ± 7

b
 

brightness matte glossy 80
a
 32 ± 4

b
 38 ± 11

b
 

burnt bread feet  not burnt burnt 0
a
 0 ± 0

a
 14 ± 5

b
 

crust colour dark brown bright brown 90
a
 98 ± 4

b
 14 ± 5

c
 

Bread slice properties 

crust thickness thin thick 60
a
 54 ± 8

b
 57 ± 4

 a,b
 

homogeneity of crumb pores inhomogeneous homogeneous 65
a
 46 ± 8

b
 39 ± 12

b
 

size of crumb pores small big 30
a
 55 ± 6

b
 52 ± 4

b
 

crumb colour brown white 90
a
 41 ± 11

b
 20 ± 13

c
 

odour 
     

global odour intensity of the 

crumb 
weak intense 60

a
 61 ± 8

a
 71 ± 7

b
 

sour odour of the crumb weak intense 15
a
 28 ± 8

b
 66 ± 8

c
 

sweet odour of the crumb weak intense 60
a
 44 ± 8

b
 24 ± 10

c
 

texture 

  
   

ability of being torn easily tearable hardly tearable 60
a
 48 ± 10

b
 53 ± 14

a,b
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springiness of the crumb springless springy 80
a
 64 ± 9

b
 49 ± 9

c
 

adhesivity of the crumb not sticky sticky 15
a
 21 ± 8

a
 33 ± 12

b
 

hardness with biting smooth hard 30
a
 37 ± 10

a
 38 ± 13

a
 

crumb cohesiveness less cohesive very cohesive 40
a
 47 ± 11

a
 46 ± 13

a
 

taste 

  
   

global crumb flavour intensity weak intense 70
a
 66 ± 9

a
 80 ± 4

b
 

salty taste of the crumb weak intense 10
a
 14 ± 5

b
 16 ± 6

b
 

sweet taste of the crumb weak intense 25
a,b

 33 ± 5
a
 23 ± 13

b
 

sour taste of the crumb weak intense 10
a
 20 ± 7

b
 31 ± 11

c
 

bitter taste of the crumb weak intense 0
a
 4 ± 5

a,b
 12 ± 14

b
 

rye-like flavour of the crumb weak intense 0
a
 33 ± 16

b
 49 ± 15

c
 

yeast flavour of the crumb weak intense 30
a
 32 ± 8

a
 33 ± 11

a
 

global crust flavour intensity weak intense 80
a
 76 ± 16

a
 77 ± 14

a
 

salty taste of the crust weak intense 10
a
 20 ± 8

b
 20 ± 11

b
 

sweet taste of the crust weak intense 20
a
 20 ± 11

a
 16 ± 11

a
 

sour taste of the crust weak intense 25
a
 35 ± 8

b
 47 ± 10

c
 

bitter taste of the crust weak intense 40
a
 50 ± 10

b
 80 ± 10

c
 

aftertaste weak intense 5
a
 12 ± 1

b
 22 ± 2

c
 

off-taste weak intense 0
a
 6 ± 1

b
 16 ± 1

c
 

 

ARF addition modified the attributes of the bread products as follows. By ARF addition the 

outer appearance of bread became less glossy, more homogeneous (the surface and the 

colour as well), more burnt-like, and flatter. Surprisingly the colour (whole bread) of 40 % 

AB was evaluated to be brighter brown, while AB was found to be considerably darker 

brown than WB. The crumb pores became more inhomogeneous and bigger, the crumb 

colour became considerably darker by ARF addition. The odour was altered to be more 

intense, remarkably sourer, and less sweet. The texture of the crumb became stickier and 

less springy. The taste became more intense, saltier, sourer, bitterer, and more rye-like. ARF 

addition provoked a stronger after-taste and off-taste. These changes were similar to those 

that were reported in earlier studies dealing with fibre enrichment of bread (Ktenioudaki & 

Gallagher, 2012; Rakha, 2013). 

5.1.4.4  Overall liking of bread products - consumer segmentation 

 

The results of the acceptance tests of pasta products demonstrated that the assessors could 

be divided into groups based on their preference towards fibre-added products and that 

these groups presented different acceptance towards AP (Section 5.1.3.3). This finding 

confirms that it is important to consider differences among consumer segments rather than 

relying on generalisation. Sound consumer segmentation can effectively support the 
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understanding of the expectations of the target consumer group. Therefore, the collected 

overall liking data of bread was subjected to multivariate analysis in order to separate the 

target consumer group. 

 

It was revealed that two well-distinguishable, homogeneous groups of consumers could be 

separated. The dendrogram of the hierarchical cluster analysis shows the agglomeration 

steps of the individual consumers (Fig. 17 A). It can be seen on the figure (Fig. 17 B), that 

there were obvious differences in the bread acceptance between the two groups. The 

acceptance scores of Group1 (33 consumers) decreased significantly with increasing ARF 

content; the average acceptance of WB was higher than neutral (6.3), while the acceptance 

of AB was very low (2.2). On the other hand, Group2 (47 consumers) indicated no 

considerable differences between the likings of the three bread samples. The acceptance of 

WB and AB was statistically indifferent (6.5 and 6.1 respectively), whereas the acceptance 

of 40 % AB was significantly higher (7.0) than those. It can be concluded that the assessors 

could be segmented based on their acceptance score: Group1 preferred WB against AB; 

Group2 accepted AB as much as WB. The acceptance of WB did not differ significantly 

between the groups. The successful separation of well distinguishable consumer groups 

based on bread preference is in accordance with the results of Bakke et al. (2007), who 

reported that a large proportion of participants liked refined and wholemeal bread equally 

well, while without segmentation people preferred refined bread to wholemeal bread. 

 

The socio-demographic characterisation of the identified consumer groups is important 

since it has been shown to be associated with whole grain consumption (Dammann et al., 

2013). Most of the consumers in Group1 (aged between 19 and 42) consumed bread 

products daily or more than once a week. These consumers were almost exclusively women 

and lived in big cities. Consumers of Group2 (aged between 19 and 40) ate bread products 

once or more a day. In this group the ratio of males/females was 42/58. Two-third part of 

the consumers lived in big cities. Based on this data reasonable conclusions could not be 

drawn about the differences between the two groups of consumers. Such a research-aim 

would require more profound investigations possibly with a higher sample size. 
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Fig. 17 (A) Dendrogram of hierarchal clustering of assessors based on the acceptance data of bread products 

and (B) the acceptance scores of the yielded clusters. Means of 33 (Group1) and 47 (Group2) values, and 95 

% confidence interval of means are presented. Mean values on the graph followed by different superscript 

letters are significantly different (p<0.05). 

5.1.4.5  Penalty analysis 

 

The aim of the penalty analysis was to describe the non-optimal sensory attributes of the 

ARF containing products. An attribute was considered significant when the "percentage of 

consumers" was higher than 20 % and the mean drop was greater or equal to 1 (high 

number of consumers say the attribute level is not right with a big impact on overall liking). 

Evaluation of 40 % AB and AB was carried out on the JAR data of Group2. Since these 

assessors showed high acceptance towards AB I considered this group as the target 

consumer segment of this product. 

 

Evaluating 40 % AB the assessors found that the intensity of the taste of the crumb 

(consumer’s %=41.3; mean drop = 1.39), the taste of the bread (crust and crumb) 

(consumer’s %=28.3; mean drop = 1.40), the sweet taste of the bread (consumer’s %=34.8; 

mean drop = 1.10) was not intense enough (Fig. 18). On the other hand the taste of the crust 

(consumer’s %=32.6; mean drop = 1.03) was too intense. Assessors indicated that the 
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following characteristics of the AB product was too intense: the taste of the bread (crust and 

crumb) (consumer’s %=70.2; mean drop = 1.09), the taste of the crust (consumer’s %=80.9; 

mean drop = 0.974 ), the odour of the bread (consumer’s %=76.6; mean drop = 1.09) the 

bitter taste (consumer’s % = 66.0; mean drop = 1,74), and the taste of the crumb 

(consumer’s % = 53.2; mean drop = 1.32) (Fig. 18). Although the mean drop value of the 

taste of the crust did not reach one, I considered it significant since it was very close to the 

limit of significance and had a high respondent percentage. Assessors indicated that the 

sweet taste of AB was "not enough" (consumer’s % = 51.1; mean drop = 2.27). 

 

 
Fig. 18 Mean drops in overall liking as a function of the percentage of consumers for all JAR scale attributes 

of 40 % AB (40 % aleurone-rich flour containing bread) and AB (aleurone containing bread). Blue colour 

indicates the "not enough" level, red colour in 

The "percentage of consumers" values were considerably higher for AB than for 40 % AB. 

This result shows that the assessors found 40 % AB closer to optimal than AB. Besides, the 

target consumer group found the flavour characteristics (crust, crumb, and the whole bread) 

of the 40 % AB "not enough", while these attributes proved to be "too much" for AB. This 

result suggests that the optimal blending ratio of ARF with WF was between 40 % and 100 

% for the assessors used in this study, which should be considered during AB product 

development.  

 

Assessors indicated in the case of both samples that the sweet taste of the bread was "not 

enough". This was more pronounced in the case of AB. This finding suggests that AB 

products with sweeter taste would have higher acceptability. Therefore, one approach 

during product development could be the usage of non-sugar sweeteners to increase the 

sweet taste of the product without adding high-calorie sugars. 
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The results of penalty analysis can aid the understanding of consumer expectations that 

influence the consumer willingness to purchase AB products and can provide useful cues 

for the technical development of more attractive AB products. It has to be added that 

besides product development the efficient marketing is also extremely important, because 

there is a need for more effective messages on the health benefits of such products 

contributing to improved marketability. 
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5.2  Results and discussion of the effects of oxidation on AX 

 

Besides the examination of ARF in complex food systems it is also expedient to investigate 

the behaviour of its individual components. Since AX is the most abundant fibre component 

in ARF, it has a great effect on its functionality. The investigation of the structure-function 

relationships of AX through the modification of the polymer can support the understanding 

of its role in the complex flour system, and therefore can be the basis of ARF improvement 

at the molecular level. One of the promising, yet untried approaches of AX modification is 

•OH oxidation. 

5.2.1  Characterisation of the AX preparation  

 

Since the examined AX preparation was self-produced, its compositional characterisation is 

essential for the proper interpretation of the results. Besides, the investigation of its gelling 

properties is also needed, because gelation is a characteristic, generally reported effect of 

the oxidative treatment of AX. 

5.2.1.1  Composition 

 

The produced AX preparation (Section 4.6) had outstandingly high AX content (Table 9). 

This purity (92.3 g/100g in dry matter) is comparable to that of commercially available AX 

preparations. Yet, it must be mentioned that the high purity was achieved at the expense of 

the yield. The yield by raw material dry basis was 1.0 g AX/ 100 g wheat flour. Other 

substances present in the AX preparation were mainly proteins and moisture. The low 

amounts of glucose and galactose demonstrate that negligible amount of other 

carbohydrates were present in the sample. 

 

The ferulic acid content of the AX preparation was 1.11 mg/ g AX. The feruloylation level 

of extracted AX samples reported in the literature is quite variable. For instance, Carvajal-

Millan et al. (2005) reported a ferulic acid content of 2.3 mg/g AX, extracted from a wheat 

milling fraction (endosperm of wheat kernel), while Martínez-López et al. (2011) reported 

0.25 mg/g AX, produced from nixtamalized maize bran. The feruloylation level of AX 

preparations is highly dependent on the applied extraction method, in particular on the 

conditions of the alkali treatment (Kale et al., 2013). 
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Table 9 

Composition of the arabinoxylan (AX) isolate. 

Mean of triplicates ± standard deviation is 

presented. 

Moisture (g/100g) 4.2 ± 0.03 

Protein (Nx6.25) (g/100g) 4.2 ± 0.02 

Arabinoxylan (g/100g) 88.5 ± 2.71 

Arabinose/Xylose 0.37 ± 0.01 

Glucose (g/100g) 0.26 ± 0.02 

Galactose (g/100g) 0.46 ± 0.04 

Ferulic acid (mg/g) 0.98 ± 0.005 

Fe (µg/g) 36.5 ± 7.87 

Cu (µg/g) 25.1 ± 0.7 

 

5.2.1.2  Gel-forming capacity 

 

Oxidative gelation of AX with a treatment of peroxidase/ H2O2 is well documented, 

(Carvajal-Millan et al., 2005; Dervilly-Pinel, Rimsten, Saulnier, Andersson, & Åman, 2001; 

Vansteenkiste, Babot, Rouau, & Micard, 2004), and also the AX preparation used in this 

study exhibited a weak gel behaviour typical to AX gels after such treatment (Fig. 19). At 

low frequencies G′ was obviously higher than G′′ indicating pronounced elastic behaviour 

(Fig. 19 A). At higher frequency range (10 Hz) these values equalized. While G′′ was 

highly frequency-dependent indicating AX chain mobility in the gel, G′ increased only 

slightly with frequency (from 19.9 to 25.6 Pa). The development of AX gel took place 

rapidly; a visco-elastic material had already been formed when the time-sweep 

measurement started, in spite of the low temperature applied (Fig. 19 B). At the beginning 

of the measurement the values of δ (G''/G'), G', and G'' were 14.4°, 16.6 and 6.1 Pa 

respectively. After the introduction of the peroxidase and H2O2, gel development took place 

in the first 12 minutes of the measurement, followed by a plateau region that stayed stable 

until the end of the measurement. The values of δ (G''/G'), G', and G'' at the plateau region 

were 4.6°, 21 and 1.7 Pa, respectively. 
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Fig. 19 Mechanical spectrum of AX (0.02 g/ml) gel (A) and the gel development of 0.02 g/ml AX solution 

upon oxidation with peroxidase/H2O2 at 20 °C, 0.25 Hz, and 5 % strain (B). Phase angle (δ (G''/G') ), storage 

modulus (G' ), and loss modulus (G'' ) are presented. 

 

The ferulic acid content of AX has a great impact on its gel-forming capability since AX 

gelling occurs as a result of ferulic acid dimerization (Kale et al., 2013). The presented 

gelling behaviour along with the measured ferulic acid content (1.11 mg/g AX d.m.) is in 

accordance with the findings of Carvajal-Millan et al. (2005), who reported similar gel-

forming behaviour for a ferulic acid content of 1.40 mg/g AX. Overall these results 

demonstrate that the examined AX preparation contained sufficient amount of ferulic acid 

for oxidative gelation, which could be triggered with suitable oxidative treatment. 
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5.2.2  •OH oxidation of AX 

 

5.2.2.1  Formation of •OH in AX solutions 

 

•OH oxidation of AX has not been examined until know. The adapted approach (Section 

4.8) was developed and used for the oxidation of beta-glucan solution (Faure et al., 2012, 

2013). Therefore, there is a need to examine whether the applied oxidation system produces 

•OHs, and if the EPR spin trapping method is suitable for the detection of •OHs in AX 

solution.  

 

 
Fig. 20 EPR signal of POBN-hydroxyethyl radical spin adduct generated by ascorbate driven Fenton-reaction 

in AX solution at 20 °C, 60 min after the beginning of the oxidative reaction, at three different oxidation levels 

(non-oxidized: NOX, 0.02 g/ml AX; oxidation level 1: OX1, 0.02 g/ml AX, 50 µM Fe 2+, 500 µM AH2 and 

H2O2; oxidation level 2: OX2, 0.02 g/ml AX, 100 µM Fe 2+, 500 µM AH2 and H2O2). 
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During the oxidation experiments (Section 4.8) the EPR signal increased in the course of 

time, which shows that stable spin adducts were formed and accumulated to detectable 

levels. The recorded EPR spectra (Fig. 20) showed a characteristic signal of the POBN-

hydroxyethyl radical spin adduct (hyperfine coupling constants: aN = 15.5 G and aH = 2.6 

G) (Buettner, 1987), which reflect the amount of •OHs trapped by the POBN-ethanol 

system, and thereby the radicals present in the reaction mixture. 

 

The oxidation levels used in this work were chosen based on preliminary studies at room 

temperature in order to reach different levels of •OH development (data not shown). Three 

different conditions with varying levels of •OH formation were selected (Table 5). The 

NOX sample at 20 °C did not show EPR signal, which shows that there were no detectable 

radical formation wherease OX2 sample showed higher relative EPR signal than OX1 (see 

discussion in Section 5.2.2.4). Since the applied spin trapping system has been shown to be 

selective to •OH (Pou et al., 1994), it can be concluded that the applied oxidizing levels 

produced •OH at different speeds, which was successfully detected with the applied 

method. 

 

5.2.2.2  Apparent viscosity of AX solution with and without oxidation 

 

Within the examined range of shear rate the apparent viscosity of NOX solution showed a 

pseudoplastic behaviour. At low shear the viscosity showed moderate shear rate 

dependency, while at higher shear rate substantial shear thinning was observed (Fig. 21). 

This behaviour is characteristic of linear polymer solutions and has been presented with AX 

solutions (Izydorczyk & Biliaderis, 1992; Shelat et al., 2010). The flow curve of the 

oxidized solutions changed compared to NOX sample (see discussion in Section 5.2.2.4). 
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Fig. 21 Flow curve of 0.02 g/ml arabinoxylan (AX) solutions at different oxidation levels, 180 min after the 

beginning of the oxidation. Non-oxidized sample (NOX, , 0.02 g/ml AX) and oxidation level 1 (OX1 , 

0.02 g/ml AX, 50 µM Fe 2+, 500 µM AH2 and H2O2) at 20 °C, and oxidation level 1 at 80 C° ( ) are 

presented. 

 

The apparent viscosity (40 1/s) of the freshly dissolved AX preparation (0.02 g/ml) varied 

between 0.08 and 0.11 Pa.s among batches prepared for different measurements. Due to this 

high deviation I calculated the remaining viscosity in percentage and compared the values 

during oxidation to the initial viscosities to present the effect of oxidation. The measured 

values are in accordance with earlier published results (Izydorczyk & Biliaderis, 1992; 

Shelat et al., 2010). 

 

5.2.2.3  Relationship between relative EPR signal and the viscosity 

change of AX solution 

 

Strong negative correlation was found between relative EPR signal of oxidized AX 

solutions and remaining viscosity (Fig. 22). Since the 0 min viscosity values were arbitrarily 

set to 100 %, they were excluded from the analysis. This result suggests that •OH formation 

was almost exclusively responsible for the viscosity loss of AX solution. 

 



Attila Bagdi - Doctoral thesis 2016 

  

64 

 

 
Fig. 22 Relationship between relative EPR signal and remaining viscosity (%) in hydroxyl radical (•OH)-

oxidized feruloylated arabinoxylan (AX) solution (0.02 g/ml). Squared Pearson's correlation coefficient is 

presented. 

Not only the remaining viscosity, but also the shape of the flow curve changed with 

increasing EPR signal: the pseudoplastic behaviour decreased in samples with more •OHs 

and therefore higher EPR signal (Fig. 21). This observation along with decreasing viscosity 

indicates lower molecular weight in the solution (Izydorczyk & Biliaderis, 1992). Based on 

these findings it can be stated that •OH oxidation does not induce AX gel formation, but 

results in polymer degradation, although at lower extent of viscosity decrease other 

attributes (i.e. conformational changes) might also play a role (see discussion in Section 

5.2.2.4).  

 

Viscosity decrease provoked by •OHs was observed earlier for beta-glucan oxidation (Faure 

et al., 2012; Fry, 1998), but such an effect of oxidation treatment on AX has not been 

reported until now. Based on studies working with beta-glucan it can be reasonably 

assumed that apart from polymer degradation, •OH oxidation leads to other chemical 

changes in AX as well (new functional groups on the polymer backbone, degradation of 

ferulic acid) (Faure et al., 2014; Micard, Surget, Raffi, & Rouau, 2003). Depolymerisation 

through •OH radicals was also likely the cause of AX degradation when subjected to γ-

irradiation in the study of Micard et al. (2003) since γ-radiation is known to produce •OHs. 
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E Carvajal-Millan, Guigliarelli, Belle, Rouau, & Micard (2005) also reported radical-

mediated AX degradation working with laccase induced AX gels. In their study laccase 

induced free-radicals (not specified) caused gel-hardness reduction, which was shown to be 

caused by depolymerisation of AX chains. 

5.2.2.4  The effect of temperature on •OH oxidation of AX 

 

The viscosity changes were shown to be dependent on the amount of radicals formed at 

different temperatures (Fig. 23). In the NOX sample with no added oxidizing agents at 

20 °C no EPR signal was detected (Fig. 23 I.B) and no viscosity decrease occurred (Fig. 23 

I.A). At 50 °C there was a small, but detectable radical formation (Fig. 23 II.B), however, 

viscosity decrease was not observed (Fig. 23 IIA) in the NOX samples. At 80 °C a 

remarkable increase in relative EPR signal (Fig. 23 III.B) and a viscosity decrease up to 73 

% (Fig. 23 III.A) was observed. Since no oxidative chemicals were added to NOX sample, 

this result indicates that at higher temperature there were suitable conditions in the AX 

solution for •OH formation. 

 

Similar behaviour was observed earlier in the case of beta-glucan (Faure et al., 2013; Faure, 

Koppenol, & Nyström, 2015). In these studies it was assumed that the endogenous iron 

content and the supposed reducing capacity of the carbohydrate led to Fenton reaction and 

provoked •OH formation. I suggest that the same processes are responsible for •OH 

formation in AX solution at 80 °C as well: the endogenous Fe
2+

 oxidized to Fe
3+

 in the 

presence of oxygen, causing •OH formation while the reducing carbohydrate regenerated 

Fe
2+

 from Fe
3+

 resulting in a self-maintaining process. The AX preparation contained 

considerable amount of metal elements (Fe, Cu) that can take part in Fenton reaction (Table 

9). These metals either could be complexed metal residues that could not be removed during 

dialysis, or could originate from the ball-milling process, as contamination. The final 

concentration of the endogenous Cu and Fe in the experimental AX solution was calculated 

to 7.8 µM and 13.2 µM respectively, which concentrations are comparable to the 

concentration of the Fe
2+

 (50 µM) that was added to the oxidized samples. These 

endogenous metals were likely to participate in the oxidative reaction, and oxidized metals 

could be reduced by AX. The metal-reducing effect of AX was shown previously with Au
3+

 

and Ag
+
 ions (Amin et al., 2013). The fact that this behaviour was observed only at 80°C is 

in accordance with earlier observations reporting that polysaccharides have reducing effect 

only at high temperatures (Amin et al., 2013; Faure et al., 2013). An obvious explanation 

for the observed viscosity decrease would be that •OH-provoked polymer degradation is 

responsible for it. However, with the applied size-exclusion chromatography method 

(Section 4.10) polymer degradation could not be confirmed (data not shown). This result is 
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in accordance with earlier studies (Andrewartha et al., 1979; Carvajalmillan et al., 2005) 

that demonstrated that viscosity decrease at high temperature (boiled for 15 min) occurred, 

molecular weight reduction could not be observed. Andrewartha et al. (1979) suggested that 

instead of degradation conformational changes in WEAX chains were responsible for the 

observed viscosity decrease, although the reason for this behaviour could not be explained. 

Whether indeed conformational changes occurred under the present experimental conditions 

and if •OHs played a role in these conformational changes need further examinations.  

 

In the case of the oxidized samples OX1 and OX2, a pronounced increase in relative EPR 

signal along with considerable viscosity loss was observed. At 20 °C the radical formation 

(Fig. 23 IB) and the viscosity change (Fig. 23 IA) occurred gradually throughout the 

duration of measurement: OX2 samples showed faster •OH formation and slightly larger 

viscosity loss than OX1. Since these samples differed only in Fe
2+ 

concentration, this result 

indicates that at the applied concentrations of reagents, at room temperature, the 

concentration of Fe
2+ 

was rate-determining in •OH formation. 

 

Increased temperature accelerated the formation of •OH, resulting in larger and faster 

viscosity loss. It was reported for beta-glucan, that increasing temperature enhances 

polymer degradation at •OH oxidation (Faure et al., 2013). At 50 °C the relative EPR signal 

increased gradually (Fig. 23 II.B) while the remaining viscosity reached its minimum within 

30 minutes and stayed stable until the end of the measurement (Fig. 23 II.A). At 80 °C, the 

relative EPR signal reached its maximum within 30 minutes and remained stable (Fig. 23 

III.B), in accordance with the remaining viscosity, which decreased rapidly as well (Fig. 23 

III.A). At 50 °C both samples showed a maximum of 55 % viscosity loss (Fig. 23 IIA), 

whereas at 80 °C the viscosity decreased to 70 % of the starting value (Fig. 23 III.A). It is 

remarkable that OX1 and OX2 behaved differently only at 20 °C (Fig. 23 I.A and I.B), 

whereas, at higher temperatures these samples did not show any differences (Fig. 23 II.A, 

II.B, III.A, and III.B). This result demonstrated that at high temperatures (50 and 80 °C) 

Fe
2+

 concentration is not rate determining at the applied concentration range, unlike at 

20 °C. 
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Fig. 23 The effect of hydroxyl radical (•OH) oxidation on the remaining viscosity (%) and the relative EPR 

signal of feruloylated arabinoxylan (AX) solution at different temperatures and at different oxidation levels. 

Non-oxidized (NOX, , 0.02 g/ml AX), oxidation level 1 (OX1, , 0.02 g/ml AX, 50 µM Fe 2+, 500 µM 

AH2 and H2O2), and oxidation level 2 (OX2, , 0.02 g/ml AX, 100 µM Fe 2+, 500 µM AH2 and H2O2) 

samples are presented. Mean of triplicates and 95 % confidence intervals are presented. 

 

5.2.3  Evaluation of oxidation treatments on AX’s functionality 

 

Understanding the effects of •OHs on AX solution and utilizing the approach described 

above, it was possible to produce AX samples with different degrees of oxidation (Section 

4.9). The produced solid state, pulverized materials made it possible to consider these 

samples as food ingredients and to examine their incorporation into flour model systems 
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besides their structural and bile acid-binding properties. In order to comparatively 

investigate the effects of •OH oxidation, non-oxidized and crosslinked, peroxidase-oxidized 

samples were also prepared. The examination of POD sample was expedient also because 

crosslinked AX’s bile-acid binding capacity and its effect on the flour’s pasting properties 

has not been studied yet, although crosslinked AX has widely been studied by a number of 

papers (Section 3.6.2).  

5.2.3.1  Composition of oxidized AX samples 

 

There was no difference in the ferulic acid content among the NOX, •OH1, and •OH2 

samples (Table 10). This result demonstrates that •OHs do not induce ferulic acid 

dimerization, unlike other chemical and enzymatic oxidation systems (Section 3.6.2). In 

spite of its antioxidant capacity (Malunga & Beta, 2015), ferulic acids did not act as radical 

scavengers and did not protect the carbohydrate backbone against •OHs. POD sample had 

considerably lower ferulic acid content than the other samples, which results from the 

formation of ferulic acid dimers and trimers and confirms the effectiveness of oxidative 

crosslinking. Oxidative treatments did not influence the AX content, or the arabinose/xylose 

ratio (Table 10). 

 

Table 10  

Composition data of the oxidized AX samples. Mean of triplicates ± standard 

deviation are presented. Mean values in the same column followed by 

different superscript letters are significantly different (p < 0.05). 

  
Ferulic acid content 

(mg/g) 

Arabinoxylan 

content (g/100g) 
Arabinose/xylose  

NOX 0.67 ± 0.03a 77.16 ± 4.2 a 0.35 ± 0.02 a 

•OH1 0.67 ± 0.01a 74.47 ± 7.6 a 0.34 ± 0.02 a 

•OH2 0.66 ± 0.02a 80.63 ± 2.5 a 0.35 ± 0.01 a 

POD 0.11 ± 0.02b 79.96 ± 3.5 a 0.37 ± 0.01 a 

 

5.2.3.2  Molecular size distribution of the oxidized AX samples 

 

•OHs provoked a decrease in molecular weight. On the size-exclusion chromatogram the 

peaks at 1283 and 828 k decreased and there was a shift from 324 k to 223 k in the largest 

peak with increasing strength of radical treatment (NOX<•OH1<•OH2) (Fig. 24). This 

result demonstrates that •OH oxidation led to a significant decrease in molecular weight. It 

has to be noted that the applied pullulan standard might have led to an overestimation of the 
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actual molecular weight of the examined AX samples, because AX are highly branched, but 

it provided sufficient information for comparison. Molecular size of the POD sample could 

not be examined in its gel form due to insolubility; therefore this sample was not examined 

with size-exclusion chromatography. 

 

 

 
Fig. 24 Molecular size distribution of oxidized AX samples. The arrows indicate the effect of hydroxyl radical 

oxidation. Blue: NOX, Purple: •OH1, Green: •OH2. 
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5.2.3.3  The effects of oxidized AX on the passage kinetics of bile salts 

 

 
Fig. 25 Passage kinetics of bile acids (10 mM) with AX samples with different degrees of oxidation. Mean of 

triplicates are presented on the graph. Mean of triplicates ± standard deviation are presented on the diagram. 

Mean values followed by different superscript letters are significantly different (p < 0.05 or 0.05 < p < 0.1 

when indicated with an asterisk). 

 

The considerable differences among the structural properties of the samples suggested that 

differences might also exist among their bile acid-binding capacities. The experimental data 

were well fitted (adjusted R
2
 values: Blank: 0.87; NOX: 0.90; •OH1: 0.93; •OH2: 0.89; 

POD: 0.85) using first-order kinetics (Eq. (6)). There was no statistical difference found in 

the bile acid concentration after equilibrium (µM) among the samples with different 

degrees of oxidation (Fig. 25). The rate of passage of bile salts through the dialysis 

membrane was characterised by the apparent permeability rate constant (K, h
-1

). The K 

values of •OH1 and •OH2 were not statistically different from the blank, whereas NOX 

showed somewhat smaller K value (p<0.1) (Fig. 25). Based on these results I rejected the 

hypothesis that •OH oxidation would increase the bile acid retention capacity of AX, which 

was expected based on earlier work with beta-glucan (de Moura et al., 2011). 

 

On the other hand, POD had significantly lower K value than the other samples (Fig. 25), 

indicating slower passage of bile salts, which was probably caused by the gel structure that 

physically restricted the motion of bile salts. This result implies that crosslinked AX has 
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enhanced plasma cholesterol-lowering effect compared to native AX. This suggestion is 

supported by the results of Vogel et al. (2012), who demonstrated that crosslinked AX 

blunted the postprandial blood glucose concentration as compared to non-viscous DF. In 

order to confirm this assumption, further studies, in particular in vivo, are needed. The 

calculated K values are consistent with the results of Gunness et al. (2012) who reported 

similar K values in the applied AX concentration range. 

5.2.3.4  The effects of oxidized AX on the dough forming capability of 

flour  

 

 
Fig. 26 micro-doughLAB profile and water absorption (WA) of wheat flour (A: Flour A, C: Flour B) and 4 

g/100g AX isolate (NOX) added wheat flour (B: Flour A, D: Flour B). 

 The structural differences among the examined samples forecasted distinctions also in the 

dough development properties. NOX addition altered the dough forming behaviour of the 

flour (Fig. 26), although some parameters did not become different. Compared to wheat 

flour the Development time and the Arrival time did not change, demonstrating that NOX 

addition did not affect the rate of water uptake. This result contradicts the findings of 

several studies, and supports the results of Kulp (1963) as reviewed by Goesaert et al. 

(2005). The Departure time and the Stability values became significantly higher for Flour 

A, while for Flour B these values did not change when NOX was added. The Softening 

value decreased with NOX addition for both flours, suggesting stronger flour and a higher 

tolerance to mixing. Contrary to my results, isolated AX addition was shown to cause a 
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decreased stability (Hemalatha, Manohar, & Salimath, 2013). It has to be noted that certain 

fibre sources, such as beta-glucan, inulin or carob fibre provoke increased stability (Skendi, 

Biliaderis, Papageorgiou, & Izydorczyk, 2010; J. Wang, Rosell, & Barber, 2002), but the 

background of this behaviour is not yet understood. NOX addition resulted in lower 

Bandwidth at Peak, which indicates a lower elasticity of the dough and is in agreement with 

Mingwei Wang, Hamer, van Vliet, & Oudgenoeg (2002), who observed a decrease in dough 

elasticity by water extractable pentosan addition. Peak energy did not change significantly, 

which contradicts findings of Jelaca & Hlynka (1971), who reported that work-input 

requirement was decreased by pentosan addition. That my results contradict other studies 

might result from the differences in the examined materials. The purity of the AX isolates 

and the degree of AX branching might play an important role. It also has to be noted that 

the majority of the cited studies worked at an AX level of 0.5-2 g/100g flour, whereas in the 

present work a higher, 4 g/100g AX level was applied. 

 

The micro-doughLAB parameters did not differ considerably among the examined AX 

samples except for WA (see discussion below). All samples resulted in similar 

micro-doughLAB curves as described in the case of NOX addition (Fig. 26 B and D), 

showing that neither molecular weight decrease nor the gel structure influenced the dough-

forming behaviour at the applied AX concentration (4 g/100g). Ingelbrecht, Verwimp, & 

Delcour (2000) observed similar behaviour working with endoxylanases, which generated 

lower molecular size AX. Similarly to my results, they reported that molecular weight did 

not affect other farinograph parameters than the WA (or the maximal consistency working 

at constant absorption). 

 

All AX samples raised the WA of the flour, which is in agreement with the findings of 

earlier studies (Biliaderis et al., 1995; Buksa et al., 2014; Goesaert et al., 2005). The change 

of WA was identical for the two flours. NOX addition increased the WA by about 10 

percentage point (Fig. 26) compared with which •OH oxidation led to a decrease (Flour A 

•OH1: 61.0 %, •OH2 59.6 % and Flour B •OH1: 68.6 %, •OH2: 67.4 %). Speaking about 

AX, molecular weight and the arabinose/xylose ratio (degree of xylan substitution) are 

known to influence the WA (Buksa et al., 2014). Among the samples examined in the 

present study there was no significant difference in the arabinose/xylose ratio (Table 10), 

therefore, it can be stated that the reduction in WA results from the molecular weight 

decrease caused by •OH treatment. POD had greater effect on the WA of the flour: its 

addition increased this value by about 15 percentage point (Flour A POD: 61.0 % and Flour 

B POD: 68.6 %), presumably due to the high water holding capacity of the gel structure 

(Buksa et al., 2014). 
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5.2.3.5  The effects of oxidized AX on the gelation-gelatinization 

behaviour of flour 

 

The RVA method measures the viscosity development during hydration and subsequent 

gelatinization-retrogradation of starch granules during a heat program and stirring in excess 

water. These starch-viscosity properties help predict the functionality of food products 

(Griess et al., 2011). The two examined flours differed considerably in terms of RVA 

profile, which indicates that they represented different quality in terms of pasting properties. 

The Pasting temperature of Flour A, which shows at which temperature the gelatinization 

begins, was about 20 °C higher than that of Flour B, while Peak, Trough, Breakdown, Final 

Viscosity, Setback, and Peak Time were remarkably higher for Flour B than for Flour A 

(Table 11). 

 

The effects of NOX addition on the RVA parameters were similar between the two flours. 

Pasting temperature, Peak, and Peak Time did not change significantly, while Breakdown 

value decreased and Final Viscosity increased as a result of NOX addition for both flours. 

Trough and Setback showed a slight increase which was not statistically significant for both 

flours. The lower Breakdown and higher Trough values indicate higher shear force stability 

under heated conditions, while higher Final viscosity and Setback suggest a higher degree of 

retrogradation. My results contradict the findings of Hemalatha et al. (2013) who reported 

that AX isolated from different wheat varieties increased Peak viscosity and reduced 

Pasting temperature. It has to be noted that in the mentioned study 0.25 and 0.5 g/100g AX 

addition was investigated in contrast to the 4 g/100g AX addition in the present work. 

 

 
Fig. 27 RVA curves of wheat flours containing 4 g/100g differently oxidized AX samples (A: Flour A; B: 

Flour B). The arrows indicate the effect of hydroxyl radical oxidation. Red: NOX, Green: •OH1, Purple: 

•OH2, Black: POD. 
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Different oxidation treatments altered the effect of AX addition (Fig. 27). •OH oxidation 

decreased the viscosity values compared to NOX addition: the viscosity parameters of the 

curve (Peak, Trough, and Final viscosity) decreased, while the profile of the curve did not 

change considerably. The observed decrease in viscosity was probably caused by the lower 

molecular size of •OH-oxidized samples compared to NOX. These samples had lower 

viscosity in aqueous solutions (Section 4.9 and 5.2.2.4), therefore their contribution to the 

viscosity of the flour-water slurry was lower than that of NOX sample (Table 11). 

 

POD addition increased all parameters except for Breakdown and Pasting temperature. The 

most substantial effect of crosslinking was the increase of viscosity parameters (Peak, 

Trough, and Final viscosity) (Fig. 27). This was presumably associated with the gel 

structure getting hydrated and largely contributing to the viscosity of the water-flour slurry. 

After the beginning of gelation, a fast increase in viscosity was detected for both flours 

compared to NOX addition (Fig. 27). This was probably resulted from the fast hydration of 

crosslinked AX which consequently increased the viscosity earlier than the starch granules 

which needed more time for gelatinization. That 4 g/100g POD concentration resulted in 

such a substantial increase of viscosity suggests that even lower amount of crosslinked AX 

addition results in significant technological changes of flour. For Flour A, POD addition 

raised the Breakdown value compared to NOX addition, while for Flour B, there was no 

such difference detected. POD addition reduced the Pasting temperature for Flour A 

indicating earlier hydration, while for Flour B, it did not have a significant effect on this 

parameter (Table 11). These results demonstrate that crosslinked AX addition can have 

variable effects depending on the properties of the base flour. The findings related to the 

influence of crosslinked AX on the pasting behaviour of flour might open up new ways of 

utilizing crosslinked AX and can be the topic of future studies. 

 

It is worth mentioning that I examined AX-flour-water mixtures and demonstrated that 

oxidative treatments had a great effect on these systems. Additionally, other food additives 

and food processing techniques that are used in the production of cereal foodstuff might 

interact with AX and therefore the modification of AX might have significant effects during 

the different food manufacturing steps. This topic requires further studies with food model 

products. 
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Table 11 

RVA parameters of two types of white flour and the flours mixed with oxidized AX samples (4 g/100g). 

Mean of triplicates ± standard deviation are presented. Mean values in the same column followed by 

different superscript letters are significantly different (p < 0.05). 

  

Pasting 

Temperature 

(°C) 

Peak (cP) 
Trough 

(cP) 

Breakdown 

(cP) 

Final 

Viscosity 

(cP) 

Setback (cP) 
Peak Time 

(min) 

Flour A 85.8 ± 1.2a 1627 ± 26a 1094 ± 15a 533 ± 26ae 2116 ± 25a 1022 ± 25ac 5.91 ± 0.08a 

NOX 86.1 ± 2.1a 1573 ± 21a 1163 ±29a 409 ± 12b 2404 ± 11b 1240 ± 38bf 5.96 ± 0.10a 

•OH1 86.7 ± 0.9a 1406 ± 37b 1041 ± 36ab 365 ± 29b 2065 ± 71a 1024 ± 78ac 5.98 ± 0.17a 

•OH2 81.6 ± 8.4a 1306 ± 20c 947 ± 21b 358 ± 2.1b 1938 ± 34c 991 ± 46c 5.87 ± 0.17a 

POD 67.1 ± 1.7b 2224 ± 31d 1716 ± 79c 507 ± 63a 3112 ± 37d 1395 ± 115bd 6.30 ± 0.18b 

Flour B 67.1 ± 1.17b 2793 ± 57e 1950 ± 38d 843 ± 19c 3206 ± 21d 1256 ± 17bef 6.57 ± 0.05b 

NOX 68.2 ± 0.48b 2723 ± 10e 2090 ± 44e 633 ± 38d 3407 ± 22e 1317 ± 27be 6.60 ± 0.07b 

•OH1 67.6 ± 1.16b 2509 ± 34f 1904 ± 12d 605 ± 28de 3084 ± 51d 1180 ± 40aef 6.62 ± 0.04bc 

•OH2 67.5 ± 0.43b 2326 ± 5.5g 1738 ± 18c 589 ± 19ad 2828 ± 16f 1090 ± 21cf 6.56 ± 0.04b 

POD 66.0 ± 0.48b 3371 ± 54h 2738 ± 25f 633 ± 43d 4262 ± 73g 1524 ± 72d 6.89 ± 0.04c 
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6 CONCULSIONS 

 

Based on its high protein content it was assumed that the newly developed, industrially 

produced ARF is rich in aleurone layer and/or in subaleurone cells. ARF was usable for 

bread and pasta production, without applying any flour improver additives. ARF addition 

improved the nutritional balance of bread and pasta compared to conventionally consumed 

products through increasing the DF and protein content at the expense of readily digestible 

carbohydrates. My results suggest that ARF addition results in considerably more beneficial 

composition than wholemeal products. 

 

Although consumer acceptance of pasta decreased with ARF addition, cooking and textural 

characterisation showed that ARF addition did not lead to poor quality characteristics 

(lower firmness, higher adhesiveness and cooking loss) that are generally observed for fibre 

addition. According to my assumptions this behaviour was caused by the particular 

properties of ARF: high protein content, high fat content, and fine particle size of ARF 

might contribute to processes that compensated the negative effects of fibre incorporation. 

The protein profile and carbohydrate composition of the aleurone layer may also be 

important. Based on these results I suppose that ARF is more applicable in value-added 

pasta production than wheat bran fractions or wholemeal flour. These deductions require 

further research, especially working with other pasta types and with other pasta making 

procedures. 

 

Examining bread samples, ARF addition led to reduced loaf volume and height, changed 

outer appearance, darker crumb, altered texture, more intense, sourer odour, bitterer, sourer, 

more rye-like flavour, and more intense after- and off-taste. Presumably dietary-fibre 

incorporation and related substances (e.g. flavour-active phenolic compounds) were 

responsible for these changes in the first place, but other compositional traits (e.g. high 

protein content and high proportion of AX within the fibre fraction), similarly to pasta, 

might also have played an important role. AB acceptability in the selected target consumer 

group was similar to WB acceptability. Penalty analysis showed that the too intense odour, 

flavour, and bitter taste and the too weak sweet taste were associated with decreased 

acceptability of AB. The results suggest that these negative properties can be eliminated 

with WF addition in reasonable amounts. At 40 % AB the flavour and odour proved to be 

“not enough”, which suggests that the optimal blending ratio is between 40 % and 100 % 

for the selected consumer group. Furthermore, AB’s sensory properties that negatively 

affected the acceptability might be eliminated with specific ingredients (e.g. the lack of 

sweet taste with natural non-sugar sweeteners) and the AB quality could potentially be 
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improved with fibre modification processes, e.g. endoxylanase enzymes. The results 

demonstrate the importance of consumer segmentation, which can effectively support the 

understanding of consumer expectations towards fibre-rich food products. 

 

Besides the examination of ARF in complex food systems, its most abundant non-starch 

polysaccharide component, AX was also studied. The effect of •OH oxidation on AX was 

investigated for the first time. It was demonstrated that •OH oxidation did not induce ferulic 

acid dimerization and consequently gelation processes in aqueous AX solution, although the 

examined AX sample was capable of gel formation upon enzymatic oxidation. Instead of 

gelation, •OH oxidation provoked viscosity decrease in AX solutions, which resulted from 

the oxidative degradation of the polymer. The degradation could be enhanced with a higher 

concentration of oxidizing agents and by increased temperature. High temperature led to 

•OH formation in AX solutions, also without the application of any oxidizing agents, most 

likely due to endogenous transition metals and the reducing capacity of AX at high 

temperature, which provoked radical-generating Fenton reaction. Merely by increasing the 

temperature, a decrease in viscosity of the AX solution was induced, however, it is not clear 

if depolymerisation or conformational changes were responsible for this behaviour and if 

•OHs played a role in these changes. 

 

•OH oxidation did not affect the bile acid retention of AX, whereas crosslinking 

significantly enhanced this property, presumably due to the bile salt retention-effect of the 

gel structure. This result suggests that crosslinking enhances the cholesterol-lowering effect. 

 

The effect of oxidation of AX on pasting properties and on dough development in flour was 

presented for the first time. It was found that •OH-oxidized AX caused significantly lower 

water absorption than NOX when added to wheat flour, presumably due to its lower 

molecular weight. On the other hand, the addition of POD increased the water absorption; 

probably due to the gel structure that had considerably higher water-holding capacity than 

NOX. •OH-oxidized samples decreased; POD increased the viscosity during RVA 

measurements compared with NOX addition. These changes were probably caused by the 

differences in the molecular size among the samples with different degrees of oxidation. 

Further studies are needed to investigate the possibilities of the utilization of the modified 

functional properties of AX. 

 

Besides the understanding of the effects of oxidation, these results also support the 

interpretation of the AX’s role in the complex flour system, as well as might open up new 

prospects in the utilization of AX in food matrices.   
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7 NOVEL SCIENTIFIC FINDINGS 

 

1. The nutritional value of pasta and bread products can be increased significantly with 

the newly developed industrially produced aleurone-rich flour (ARF). Using ARF 

the dietary fibre content of bread and pasta products can be increased by 8 and 6 

g/100g respectively, while their available carbohydrate content can be decreased by 

18 and 13 g/100g compared to refined products. (Paper I and II) 

 

2. ARF addition does not cause poor quality characteristics (lower firmness, higher 

cooking loss and adhesiveness) that are generally reported for fibre addition. 

According to these results, ARF is more applicable in value-added pasta production 

than wheat bran fractions or wholemeal flour. (Paper I) 

 

3. The suboptimal sensory characteristics of bread made of ARF are the too intense 

odour, flavour, and bitter taste and the too weak sweet taste. These are the key 

attributes that results in decreased acceptability of bread made of ARF. (Paper II) 

 

4. •OH oxidation does not induce ferulic acid dimerization and gelation processes in 

aqueous AX solution. Instead of gelation, •OH oxidation provokes viscosity 

decrease in AX solution, which is caused by the oxidative degradation of the 

polymer. The degradation can be enhanced with a higher concentration of oxidizing 

agents and by increased temperature. (Paper III and IV) 

 

5. •OH oxidation does not affect the bile acid retention of AX, while oxidative 

crosslinking significantly enhances this property (KNOX=0.17 h
-1 

versus KPOD=0.093 

h
-1

), presumably due to the bile salt retention-effect of the gel structure. This result 

suggests that crosslinking enhances the cholesterol-lowering effect of AX. 

(Paper IV) 

 

6. •OH-oxidized AX addition to wheat flour results in significantly lower water 

absorption than the addition of native AX, due to its lower molecular weight. 

Crosslinking increases the water absorption due to the gel structure that has 

considerably higher water-holding capacity than the native AX. •OH oxidation of 

arabinoxylan decreases; crosslinking increases the viscosity during flour pasting 

compared with native AX. (Paper IV)  
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