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Short abstract: Oats and barley milling products are a rich source of dietary fiber, especially β-

glucans, but also possess high enzyme activity, contain antinutrients, and undesirably affect the 

technological and sensory properties of the bakery products. This dissertation investigated the 

pretreatment of oat and barley flour/bran using traditional (sourdough fermentation) and innovative 

techniques (high-intensity ultrasound, pulsed electric field) and the application of these pretreated 

raw materials in making flat bread. The addition of oat/barley bran improved the fermentation of 

flour to sourdough, which successfully slowed down the enzymatic browning of the retarded dough 

and reduced antinutrient content (32-38%) in flat bread. Ultrasonic pretreatment of oat and barley 

bran partially inactivated β-glucanase (by 82% and 55%), reduced antinutrients (by 17% and 39%) 

and increased the β-glucans content (25-65%) in the flat bread. Processing of oat and barley flour 

with a pulsed electric field also reduced its β-glucanase activity (by 77% and 40%), improved the 

solubility of non-starch polysaccharides, and increased the β-glucans content in flat bread (21-32%). 

These innovative and traditional techniques, in combination or individually, improved the techno-

functional properties of flour/bran by enabling fiber enrichment, improving texture profile, while 

maintaining consumer acceptance of flat bread. 
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Sažetak: Zob i ječam bogat su izvor prehrambenih vlakana, posebice β-glukana, međutim 

posjeduju visoku enzimsku aktivnost, sadrže antinutrijente te nepoželjno utječu na tehnološka  

i senzorska svojstva pekarskih proizvoda. U ovoj disertaciji istražena je prethodna obrada 

zobenih i ječmenih posija te brašna tradicionalnim (fermentacija kiselog tijesta) te inovativnim 

tehnikama (ultrazvuk visokog intenziteta, pulsirajuće električno polje) te primjena tako 

obrađenih sirovina u izradi tankog kruha. Dodatak zobenih/ječmenih posija poboljšao je 

fermentaciju brašna u kiselo tijesto, što je uspješno usporilo enzimsko posmeđivanje tijesta 

tijekom procesa odgođene fermentacije i smanjilo sadržaj antinutrijenata (32-38%). Prethodna 

obrada zobenih i ječmenih posija ultrazvukom visokog intenziteta rezultirala je djelomičnom 

inaktivacijom endogene β-glukanaze (za 82% i 55%), smanjenim udjelom antinutrijenata (za 

17% i 39%) i povećanim udjelom β-glukana (25-65%) u tankom kruhu. Obrada zobenog i 

ječmenog brašna pulsirajućim električnim poljem rezultirala je smanjenjem β-glukanazne 

aktivnosti (za 77% i 40%), poboljšanom topivosti neškrobnih polisaharida te povećanim 

udjelom β-glukana tankog kruha (21-32%). Ove inovativne i tradicionalne tehnike, u 

kombinaciji ili zasebno, poboljšale su tehno-funkcionalna svojstva brašna i posija, omogućujući 

obogaćivanje vlaknima, poboljšanje teksture tankog kruha, uz zadržavanje senzorske 

prihvatljivosti potrošača.   
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Extended abstract 

 

Flat bread is the oldest type of bread consumed worldwide and its popularity is increasing. 

However, flat breads have a low fiber content because the main ingredient is refined wheat 

flour. Whole grain flour and bran are rich in fiber and other bioactive compounds, with oats and 

barley being the main sources of β-glucans among the cereals. At the same time, the high fiber 

content of these raw materials but also high activity of endogenous enzymes reduces their 

techno-functional properties why they are rarely used in bread making. The aim of this 

dissertation was to investigate the market and technological potential of oat and barley flour 

and bran in making flat bread, with a focus on techno-functional properties and nutritive 

improvement after pretreatment using non-thermal technologies or traditional sourdough 

fermentation. The effects of adding oat and barley bran on the acidification kinetics of oat and 

barley flour during sourdough fermentation and the effects of sourdough addition (30 and 50% 

of dough weight) on enzymatic browning during the retardation process (24 and 48 hours) were 

investigated. Furthermore, the influence of innovative technologies (high-intensity ultrasound 

and pulsed electric field) on the activity of endogenous β-glucanase and phytase, β-glucans 

contents and their structure, bioactive compounds, antioxidant activity, phytic acid content as 

well as the influence on the functional properties of these raw materials were investigated. The 

influence of application of treated oat and barley bran and flour on nutritive value, physical 

properties and consumers acceptance of flat bread was investigated. Among Croatian flat 

breads, single-layer flat bread predominates, and various types of pogacha are the most 

common. In the production of all Croatian flat breads, refined wheat flour is used as the main 

ingredient, and yeast is the main leavening agent. Whole grain wheat, corn or rye flour are 

seldom used, whereas oat- or barley- containing flat breads do not exist on the Croatian market. 

Oat and barley bran contained 2-3 times more dietary fiber, β-glucans, phenolic compounds 

and even 2-5 times more phytates than their flour counterparts. The mineral content was almost 

the same in barley flour and bran, but 2 times higher in oat bran than in flour. Compared to oat 

flour, barley flour was characterized by a higher content of minerals and β-glucans, a 2 times 

higher content of dietary fiber, total phenols and phytates, while the opposite was the case when 

comparing oat bran and barley bran. The addition of oat and barley bran to oat and barley flour 

(1:3) positively affected sourdough fermentation (with LIVENDO® LV1 starter, for 24 h, at 

30°C). The obtained sourdough successfully slowed down the enzymatic browning of the bread 

dough during retardation (at 2 ± 1°C) and enriched breads with β-glucans. Bread from retarded 



 

 

dough had reduced content of phytic acid (27-38%) but also β-glucans (4-28%) compared to 

flat bread from no-time method. The bread crumb with 50% sourdough was slightly less 

cohesive and elastic than the flat bread with 30% sourdough. The specific volume of flat bread 

with 50% sourdough was lower than that of bread with 30% sourdough. The oat flat bread had 

a harder crumb than the barley flat bread, and the increase in the darkness of the crust was more 

pronounced in oat bread than in barley bread. Pretreatment of oat and barley bran with high-

intensity ultrasound (24 kHz, 400 W 217.5 kJ kg-1 and 348 kJ kg-1-P, respectively) significantly 

reduced endogenous β-glucanase activity (by 82% and 55%), increased extractability (by 12%) 

and solubility (by 31-40%) but decreased the molecular weight (7% and 22%) of β-glucans. 

Meanwhile, it increased the activity of endogenous phytase (by 40% and 44%) and decreased 

the amount of phytic acid (by 17% and 39%). Furtheron, the degradation of β-glucans of 

ultrasonicated bran during sourdough fermentation and bread making was prevented. Flat 

breads with sourdough made from ultrasound pretreated oat bran had 27% and 20% lower 

crumb hardness and chewiness than the control oat flat breads, respectively, whereas these 

differences were not present in the barley flat breads. Treatment of oat and barley flour with a 

pulsed electric field (150 Hz, 12 kV cm-1, 162 ms) also resulted in a decrease in endogenous β-

glucanase activity (by 77% and 40%), enhanced β-glucans extractability (by 33.5%), with a 

minimal effect on their molecular weight, as well as increased levels of water-soluble 

arabinoxylans (by 56% and 68%). Hence, oat- and barley-containing flat breads were high in 

fiber and contained64-148% more β-glucans than the wheat control bread. Flat bread made 

from PEF-treated oat and barley flour had a smaller volume, similar crumb texture (hardness 

and chewiness), a slower staling rate and similar consumers’ acceptability compared to the 

control oat and barley flat bread. Due to the improved functional properties, pretreated oat and 

barley flour and bran can be successfully applied for improvement of nutritive value and 

prolongation of shelf life while maintaining some of the physical properties and consumers’ 

acceptance of flat bread. 

 

Keywords: β-glucanase, β-glucan molecular weight, bran, consumers, flat bread, high-

intensity ultrasound, non-starch polysaccharides, pulsed electric field, sourdough fermentation 



 

 
 

 

 

 



 

 

Prošireni sažetak 

Tanak kruh je najstarija vrsta kruha koja se konzumira širom svijeta i čija je popularnost u 

porastu. Obzirom da se kao glavni sastojak koristi rafinirano pšenično brašno, tanak kruh ima 

nizak udio prehrambenih vlakana. Brašno od cjelovitog zrna i posije bogate su prehrambenih 

vlakana i drugih bioaktivnih spojeva, a zob i ječam glavni su izvori β-glukana među žitaricama. 

Istovremeno, visok sadržaj prehrambenih vlakana u ovim sirovinama, ali i visoka aktivnost 

endogenih enzima umanjuje njihova tehno-funkcionalna svojstva zbog čega se rijetko koriste u 

proizvodnji kruha. Cilj ove disertacije bio je istražiti tržišni i tehnološki potencijal zobenog i 

ječmenog brašna i posija u proizvodnji tankog kruha, s fokusom na tehno-funkcionalna svojstva 

i poboljšanje nutritivne vrijednosti nakon predobrade netoplinskim tehnologijama ili 

tradicionalnom fermentacijom kiselog tijesta. Istraživani su učinci dodavanja zobenih i 

ječmenih posija na kinetiku kiseljenja zobenog i ječmenog brašna tijekom fermentacije kiselog 

tijesta i učinci dodavanja kiselog tijesta (30 i 50% težine tijesta) na enzimsko posmeđivanje 

tijekom procesa odgođene fermentacije (24 i 48 sati). Nadalje, istražen je utjecaj inovativnih 

tehnologija (ultrazvuk visokog intenziteta i pulsirajuće električno polje) na aktivnost endogene 

β-glukanaze i fitaze, sadržaj β-glukana i njihovu strukturu, bioaktivne komponente, 

antioksidacijsku aktivnost, sadržaj fitinske kiseline kao i utjecaj na funkcionalna svojstva ovih 

sirovina. Ispitan je primjena tretiranih zobenih i ječmenih posija te brašna na hranjivu 

vrijednost, fizikalna svojstva i senzorsku prihvatljivost potrošača tankog kruha. Među 

hrvatskim tankim kruhovima prevladava jednoslojni tip, a najzastupljenije su razne vrste 

pogače. U proizvodnji svih hrvatskih tankih kruhova kao glavni sastojak koristi se rafinirano 

pšenično brašno te kvasac kao glavno sredstvo za dizanje. Brašno cjelovitog zrna pšenice, 

kukuruzno ili raženo brašno od cjelovitog zrna rijetko se koriste, dok tanki kruh koji sadrži zob 

ili ječam nije prisutan na hrvatskom tržištu. Analiza kemijskog sastava zobenog i ječmenog 

brašna i posija pokazala je da posije sadrže 2-3 puta više prehrambenih vlakana, β-glukana, 

fenolnih spojeva i čak 2-5 puta više fitata od brašna. Sadržaj minerala bio je gotovo isti u 

ječmenom brašnu i posijama, ali 2 puta veći u zobenim posijama nego u brašnu. U usporedbi 

sa zobenim brašnom, ječmeno brašno odlikuje se većim udjelom minerala i β-glukana, 2 puta 

većim udjelom prehrambenih vlakana, ukupnih fenola i fitata, dok je kod usporedbe zobenih i 

ječmenih posija bio obrnut slučaj. Dodavanje zobenih i ječmenih posija u zobeno i ječmeno 

brašno (1:3) pozitivno je utjecalo na fermentaciju kiselog tijesta (sa LIVENDO® LV1 

starterom, 24 h, na 30°C). Dobiveno kiselo tijesto uspješno je usporilo enzimsko posmeđivanje 

krušnog tijesta tijekom procesa odgođene fermentacije (na 2 ± 1°C) i obogatilo kruhove β-

glukanima. Kruh dobiven metodom odgođene fermentacije imao je smanjen sadržaj fitinske 



 

 

kiseline (27-38%), ali i β-glukana (4-28%) u odnosu na tanak kruh dobiven brzim 

postupkom.Tanak kruh s 50% kiselog tijesta imao je manju tvrdoću i žvakljivost od kruha s 

30% kiselog tijesta. Specifični volumen tankog kruha s 50% kiselog tijesta manji je od kruha s 

30% kiselog tijesta. Zobeni tanak kruh imao je veću tvrdoću te je tamnjenje krušne korice bilo 

izraženije nego li kod  ječmenog kruha. Predobrada zobenih i ječmenih posija ultrazvukom 

visokog intenziteta (24 kHz, 400 W 217,5 kJ kg-1 odnosno 348 kJ kg-1-P) značajno je smanjila 

aktivnost endogene β-glukanaze (za 82% i 55%), poboljšala ekstrakciju (za 12%) i topljivost 

(za 31-40%), ali smanjila molekularnu težinu (7% i 22%) β-glukana. Istovremeno, povećala je 

aktivnost endogene fitaze (za 40% i 44%) i smanjila sadržaj fitinske kiseline (za 17% i 39%). 

Nadalje, spriječena je razgradnja β-glukana ultrazvučno obrađenih posija tijekom fermentacije 

kiselog tijesta i izrade kruha. Tanki kruhovi s kiselim tijestom od zobenih posija prethodno 

tretiranih ultrazvukom imali su 27% odnosno 20% nižu tvrdoću i žvakljivost od ječmenih tankih 

kruhova, dok razlike nisu bile prisutne kod ječmenog tankog kruha. Tretiranje zobenog i 

ječmenog brašna pulsirajućim električnim poljem (150 Hz, 12 kV cm-1, 162 ms) također je 

rezultiralo smanjenjem aktivnosti endogene β-glukanaze (za 77% i 40%), poboljšanom 

ekstrakcijom β-glukana ( za 33,5%) s minimalnim učinkom na njihovu molekulsku masu, kao 

i povećanom razinom arabinoksilana topivih u vodi (za 56% i 68%). Dakle, tanki kruhovi koji 

sadrže zob i ječam bili su bogati vlaknima i sadržavali su 64-148% više β-glukana nego 

kontrolni kruh od pšenice. Tanak kruh od zobi i ječma tretiranih PEF-om imao je manji 

volumen, sličnu teksturu (tvrdoću i žvakljivost), sporiju stopu starenja i sličnu prihvatljivost 

potrošača u usporedbi s kontrolnim zobenim i ječmenim tankim kruhom. Zbog poboljšanih 

funkcionalnih svojstava, predobrađeno zobeno i ječmeno brašno i posije mogu se uspješno 

primijeniti za poboljšanje nutritivne vrijednosti i produljenje roka trajanja tankog kruha uz 

istovremeno zadržavanje određenih fizikalnih svojstava te prihvatljivosti potrošača.  

 

Ključne riječi: fermentacija kiselog tijesta, ječam, neškrobni polisaharidi, posije, potrošači, 

pulsirajuće električno polje, tanak kruh, ultrazvuk visokog intenziteta, zob, β-glukanaza
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Flat bread is the oldest type of bread, which is consumed worldwide (Boukid, 2022). 

Although flat breads originated in a rural society, their adaptability and ease of use have made 

them very popular in their areas of origin and increasingly beyond (Pasqualone, 2018). There 

are many variations of this type of bread, but thinnest is their common characteristic. The basic 

raw material for making this bread is refined wheat flour, which makes it low in nutrients, 

especially dietary fiber. With the increasing popularity of flat breads among consumers, but also 

with the growing consumer awareness of the health benefits of dietary fiber, the demand for 

innovative products that combine convenience with increased nutritional value is growing 

(Garzon et al., 2022). A good source of dietary fiber are whole grain flours and cereal bran, of 

which oats and barley are the main source of β-glucans among the cereals (Nirmala Prasadi and 

Joye, 2020).  

Oats and barley are underutilized in food production and are mainly used as animal feed, 

for malt and beer production. The rich nutritional composition of flour and even more bran, 

which is characterized by a high dietary fiber and protein content, fats, vitamins, minerals, and 

phenolic compounds, makes these cereals increasingly interesting alternative raw materials that 

will partially replace wheat flour in bread making.  The antioxidant, anti-inflammatory and anti-

proliferative effect is attributed to secondary plant substances, i.e. phenolic compounds, sterols 

and phytic acid (PA). However, in addition to antioxidants, PA also acts as an antinutrient that 

binds minerals and hinders their bioavailability (Valoppi et al., 2021). 

This health promoting effects of oat and barley are primarily attributed to the high dietary fiber 

content, mainly β-glucans (Grundy et al., 2018; Hussain et al., 2021). According to the 

European Food Safety Agency (EFSA, 2011), the consumption of barley or oat fiber in foods 

in a minimum amount of 6 g per 100 g kcal of product can contribute to lowering plasma 

cholesterol levels and a reduction in the postprandial glycemic response. However, the most 

important change that occurs in β-glucan during the processing of oats/barley and oat/barley-

based products is depolymerization. Oat (OF) and barley flour (BF) and even more oat (OB) 

and barley bran (BB) possess endogenous β-glucanase which depolymerizes β-glucans and thus 

reduce their molecular weight and viscosity (Pérez-Quirce et al., 2016; Pérez-Quirce et al. 

2017). The β-glucanases are activated when the flour is hydrated, making fermentation the most 

critical step in bread making (Johansson et al., 2018). Research on methods for inactivating 

endogenous β-glucanase and preserving β-glucans in bread making is limited. Commonly used 

techniques include thermal (autoclaving, scalding and oven heating) or chemical methods 

(ethanol refluxing or the use of organic acid salts) (Lazaridou et al., 2014; Moriartey et al., 
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2010; Rieder et al., 2015a; Rieder et al., 2015b; Tosh et al., 2012), which have a negative impact 

on the technological properties of flour and on consumer acceptability (Rieder, Balance et al., 

2015b). In general, the effectiveness of innovative technologies on the activity of endogenous 

β-glucanase of cereals has been insufficiently studied. 

Furthermore, in addition to β-glucans, the second most important non-starch 

polysaccharides (NSPs) are arabinoxylans (AXs), which are mostly insoluble fiber component 

in cereals. Numerous health benefits are attributed to the AXs, such as strengthening the 

immune system, reducing the risk of type 2 diabetes, heart disease (Rosicka-Kaczmarek et al., 

2016). However, β-glucans and AXs, their content, their water solubility, and their structure 

(molecular weight (Mw)) have a significant influence on the technological properties of the 

flour or bran, the rheology of the dough and the physical properties of the bread (Cao et al., 

2023; Holtekjølen et al., 2008). Studies have shown that the addition of OF or BF or bran 

negatively affects the physical properties of bread in terms of reduced volume, increased 

hardness, and chewiness of the bread crumb (Blandino et al., 2015; Chauhan et al., 2018; 

Flander et al., 2007; Krochmal-Marczak et al., 2020; Wenjun et al., 2018). These defects are 

the result of NSPs that limit the proper development of the gluten network and negatively affect 

the structure of the dough (Courtin and Delcour, 2002; Ma et al., 2021). 

Most research is aimed at improving the technological and sensory quality of whole grain bread 

by modifying the recipe i.e., adding additives as structuring agents (Dapčević-Hadnađev et al., 

2022). On the other hand, there is less focus on technological solutions that could influence the 

structural changes of whole grain biopolymers and thus increase their potential for bread 

making. The potential of traditional (sourdough fermentation) and innovative techniques such 

as high-intensity ultrasound (US) and pulsed electric field (PEF) to improve the performance 

of BF and OF or BB and OB in bread making has hardly been explored.  

Traditional sourdough fermentation has gained renewed interest as a means of making 

better use of non-wheat grains in bread production. It improves the nutritional value of bread 

(reduction of PA and increase in mineral content, higher phenolic content, and antioxidant 

activity), techno-functional properties of flour/bran and the overall quality of bread (Dapčević-

Hadnađev et al., 2022; Ramos et al., 2021). Furthermore, due to its low pH value, sourdough 

has a suppressive effect on the activity of endogenous flour enzymes, which can slow down 

undesirable enzymatic reactions during bread baking. However, there is a large knowledge gap 

about the suppressive effect of sourdough on enzymatic browning during the retardation 
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process. Since oat flour has a weak acidification power, little is known about the influence of 

bran addition on the kinetics of oat and barley flour acidification. 

In addition to the traditional technique, the US proved to be a successful technology for 

reducing antinutrients from millet and rice bran (Mohammadi et al., 2021; Yadav et al., 2021) 

and for reducing enzyme activity (polyphenol oxidase (PPO), peroxidase (POD), lipase) in 

whole wheat flour, wheat bran, various vegetables, and fruits (Habuš et al., 2021b; Habuš, et 

al., 2021c; Safwa et al., 2023). Still, the influence of US technology on the activity of 

endogenous β-glucanase and phytase activity and on the PA content of oat and barley bran has 

not yet been investigated. Ultrasonication also increases the solubility of the dietary fiber and 

changes the starch structure, which leads to better technological properties of corn and rice flour 

and ultimately to improved physical properties of bread (texture and specific volume) (Jalali et 

al., 2020; Ma et al., 2022; Vela et al., 2023). However, the effects of US on the structure of 

NSPs and the techno-functional properties of oat and barley bran are still unexplored. 

In addition, PEF treatment leads to changes in the structural properties of 

polysaccharides such as starch, pectin, and chitosan and thus to their physicochemical 

properties (Han et al., 2012; Ma et al., 2012; Maniglia et al., 2021; Rivero-Ramos et al., 2023). 

PEF-induced changes in the structure of biomacromolecules also led to an increased activity of 

wheat α- and β-amylase (Carregari Polachini et al., 2023), but also to a decrease in the 

enzymatic activity of soybean and tomato lipoxygenase (Li et al., 2008; Min et al., 2003). As 

previous studies have mainly focused on the effects of PEF on individual cereal molecules, the 

literature lacks comprehensive information on how PEF treatment affects the physical and 

functional properties of starchy foods, especially oat and barley flour. Due to the different 

mechanisms of action, both US and PEF are successful techniques for the modifying enzyme 

activity and improving the extraction efficiency of β-glucans and other biomolecules (Benito-

Román et al., 2013; Duque et al., 2020b). 

The aim of this study was to explore the innovative techniques i.e., US and PEF on 

enzyme activity, antinutrient reduction and β-glucans preservation in OB, BB, OF and BF, 

while preserving the acidification power of the treated raw materials, and their application in 

flat bread with the aim of improving the nutritional value and extending shelf life while 

maintaining technological quality and consumer acceptability. The traditional sourdough 

fermentation of oats and barley flour was investigated depending on the adding bran and used 

for extending the shelf-life of dough using the retardation process and for improving the 

nutritional properties of wheat-oat and wheat-barley composite flat breads. Hence, the aim was 
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to improve nutritive value and shelf-life of flat bread while preserving their physical and 

sensory properties through the enhancement of techno-functional properties of OB, BB, OF and 

BF. 

This dissertation, in the form of published papers and a final comprehensive review, 

aims to provide new insights into the effects of US and PEF treatment on enzyme activity, the 

structure of NSPs (β-glucans and AXs) and the functional properties of OB, BB, OF and BF. 

In addition, it provides an insight into the kinetics of sourdough fermentation of oats and barley 

and the use of the sourdough obtained to suppress browning of flat bread doughs during retarded 

dough method. 

The findings of the US and PEF treatments on the enzyme activity and β-glucans 

content, solubility and structure of oats and barley will contribute to further research on the 

application of these technologies with the aim of modifying the biopolymers of cereals and 

improving the functional properties of flour and bran. In addition, the information obtained on 

the positive influence of the addition of BB/OB on the acidification kinetics of BF and OF will 

sufficiently expand knowledge of the value and potential of this by-product of cereal 

processing. The use of innovative and traditional techniques or their combination opens up new 

possibilities to improve the nutritional and physical properties of flat breads.  

The general discussion of this dissertation provides valuable information on the pre-

processing of oat and barley flour and bran, from enzyme activity, NSPs structure and techno-

functional properties to their final incorporation into flat breads through the sourdough 

fermentation process.
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1. Flat bread – the oldest form of bread 

 

Bread continues to be a global staple, adapting to the changing needs of today's society. Flat 

breads attract consumer attention for its adaptability and ease of use. These ancient breads, 

which have been found in Mesopotamia, ancient Egypt, and the Indus civilization, probably 

represent mankind's earliest attempts to food processing (Pasqualone, 2018). They are 

traditionally eaten in regions such as the Middle East, Africa, India, Central America, and 

Europe, where this type of bread symbolizes not only nutrition, but also the unity of cultures 

and the common history of mankind (Boukid, 2022). The popularity of flat breads is increasing 

worldwide with the transition from traditional to commercial production (Boukid, 2022). There 

are a variety of this bread whose common characteristic is a thickness of a few millimeters to a 

few centimeters, which distinguishes them from the more voluminous breads (Pasqualone, 

2018). Furthermore, their large surface area presents a challenge due to the dough browning 

during its storage at room temperature or during storage in the refrigerator to extend its shelf 

life (Cauvain, 2007; Banerji et al., 2019). 

 Depending on the composition and methods of preparation, flat breads are divided into 

two different categories, namely single-layer and double-layer (Kumar, 2016). Single-layer flat 

bread is divided into unleavened and leavened. Leavened flat bread is made from semi-liquid 

dough or batter. For semi-liquid doughs, gluten-free raw materials such as rice, sorghum, corn, 

and oats are usually used, which are fermented twice before baking (Boukid, 2022). Flat breads 

made from dough are leavened, such as the Croatian flat bread pogacha, which is allowed to 

rise twice before baking at high temperatures. Single-layer, unleavened flat breads are 12-25 

cm in diameter and 1.3-3 mm in thickness and are traditionally baked on a clay grill (naan), an 

iron pan (roti), baked flat in a pan with oil (paratha) or deep-fried (poories) (Boukid, 2022; 

Diddana et al., 2021). Double-layer flat breads are usually 4-20 mm thick and have a diameter 

of 20 cm, such as Arabic flat bread (pita) or Croatian flat bread (lepinja). They are baked at 

very high temperatures (350-600 °C), causing them to expand twice and take on the shape of a 

balloon with separate top and bottom sides (Boukid, 2022). The expansion depends on the 

viscoelastic properties of the flour, with flours with a high gluten content being preferred 

(Boukid, 2022). After baking, the resulting bubble is deflated by cooling, resulting in a pliable 

flat bread that is an ideal base for various fillings (meat, vegetables, etc.).
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 The main ingredients of flat breads are water, flour, salt, and yeast, while the main 

production steps are kneading of ingredients, leavening (optional), shaping and baking 

(Pasqualone, 2018). Flat breads, usually consist of wheat, maize, and rice flour as the main raw 

materials (Serka et al., 2019). However, in regions such as Africa and India, other cereals i.e., 

barley, oats, millet, rye, and sorghum are also used, while they are used less frequently in Europe 

(Boers et al., 2017; Mehfooz et al., 2018). Flat breads usually have a low dietary fiber content, 

mainly because refined wheat flour dominates as the main ingredient (Garzon et al., 2022). 

However, to increase the fiber, protein, and mineral content of wheat-based flat breads, 

alternative flours such as oats, barley, millet, rye, sorghum, or legumes have been used  (Bhavya 

and Prakash, 2021; Boers et al., 2017; Boukid, 2022; Garzon et al., 2022; Kahlon et al., 2019; 

Kumar et al., 2021; Mehfooz et al., 2018). By using different enriching ingredients and bread 

making techniques, it's possible to produce flat breads with improved nutritional profiles that 

meet specific nutritional needs of consumers while maintaining their overall quality.  

As consumer interest in flat breads increases, there is an increased need for innovation 

to create products that balance convenience with improved nutritional profiles (Garzon et al., 

2022). At the same time, growing awareness of the health benefits of dietary fiber is driving 

demand for high-fiber flat breads. It is known that the fiber component of cereals reduces the 

risk of diseases such as high blood pressure, diabetes, and colon cancer, which underlines the 

importance of this nutritional enrichment (Wei et al., 2022). The addition of high-fiber 

ingredients such as millet flour, wheat bran, barley bran, oat bran, and chickpea flour can 

improve the fiber content but also other nutritional aspects of flat breads. Studies have shown 

that an increase in fiber, especially β-glucan, in flat breads leads to a higher content of slowly 

digestible starch and resistant starch. This in turn helps to lower the glycemic response and 

index of flat breads, contributing to better glycemic control (Boers et al., 2017; Gujral et al., 

2018; Robert et al., 2016; Sharma & Kotari, 2017). In the development of Balzam flat bread 

with a high β-glucan content and a relatively low glycemic index, wheat flour was 

supplemented with barley flour  (Koksel et al., 2024). Partial replacement of wheat flour with 

barley flour also significantly lowered the glycemic index of roti flat bread (Mansoor et al., 

2019). Barley flour was used together with whole wheat flour to improve the quality and 

nutritional value of barbari bread (Naji-Tabasi et al., 2022). Partial replacement of wheat flour 

with oat flour resulted in chapatti flat bread with an increased content of bioactive compounds 

(Gujral et al., 2013).
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Although the addition of oat or barley flour or bran to bread significantly increases the 

nutritional value and contributes to the improvement of the modern diet. There are also certain 

limitations related to undesirable levels of antinutrients and possible technological and sensory 

deficiencies. Wheat bread enriched with oat or barley flour, especially with bran, shows a 

deterioration in physical properties, such as a reduction in specific volume, an increase in 

hardness and chewiness of the crumbs and their progressive increase during 48-72 h of storage 

at room temperature (El-Taib et al., 2018; Koksel et al., 2024). To extend the shelf life of the 

dough, the dough retardation method at refrigerator temperature is usually used, which is a 

challenge in the world of flat bread due to its large surface area and enzymatic browning 

catalyzed by PPO, an oxidative enzyme. 

 

2. Oats and barley – source of non-starch polysaccharides 

 

 Growing concern about rising rates of chronic disease and obesity, as well as scientific 

evidence of the health benefits of dietary fiber consumption, have attracted considerable 

attention. This has raised consumer awareness of nutrition and sparked greater interest in high-

fiber foods and ingredients such as whole grain (Ramezani et al., 2024). Oats and barley are 

cereals mainly used as animal feed, for malt and brewing and are underutilized in food 

production. According to a report by the Food and Agriculture Organization of the United 

Nations (FAOSTAT, 2023), 1.55 billion tons of barley and 26.4 million tons of oats were 

produced worldwide in 2022. The health benefits of these cereals are linked to their richness in 

compounds such as dietary fiber (mainly β-glucans), proteins, phenols, vitamins, bioactive 

peptides, and lipid components (sterols and fatty acids) (Gangopadhyay et al., 2015). Due to 

these high-value nutritional properties, oats and barley have great potential for use in a wide 

range of cereal-based foods as partial or complete substitutes for the cereals currently in use.  

 

2.1. Oat (Avena sativa L.) 

 Oat (Avena sativa) is a cereal originating in the Mediterranean area and the Middle 

East that has long been used as a fodder crop throughout history (Capillas and Herrero, 2024). 

The consumption and global production of oats is much lower compared to wheat, corn, rice, 

and barley, due to the insufficient number of commercially available oat-based products 

(Grundy et al., 2018). In contrast to other cereals, oats have a special nutritional profile. It is 
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rich in soluble dietary fiber, carbohydrates, lipids, proteins, vitamins, minerals, and phenolic 

compounds (Joyce et al., 2019). With the growing awareness of the physiological effects of 

consuming oat-containing foods, the cultivation and use of oats for human consumption has 

greatly increased. 

 Oat grains consist of a protective hull and a groat (caryopsis), which is made up of 

bran, germ, and starchy endosperm (Miller and Fulcher, 2011). The bran, a nutrient rich by-

product of milling, surrounds the endosperm, on which the aleurone and subaleurone layers are 

connected (Grundy et al., 2018). Endosperm and bran differ in their nutrient composition, and 

processing methods can further alter the ratio of nutrients (Grundy et al., 2018). The bran is 

richer in minerals, vitamins (mainly vitamin E), PA and NSPs such as AXs and β-glucans 

compared to the endosperm (Grundy et al., 2018). Within the endosperm, protein and lipid 

concentrations increase toward the periphery, while starch concentrations increase toward the 

center (Miller and Fulcher, 2011). 

 Oats' health benefits stem mainly from their rich dietary fiber content, ranging from 

10% to 38% depending on variety and cultivation (Prasadi et al., 2020). Of particular note is 

that soluble fiber accounts for 50%, which distinguishes oats from other cereals, which 

generally contain more insoluble fiber (Abrahamsson, 2020). The most important soluble fiber 

component, β-glucans, make up about 70% of this fraction (Abrahamsson, 2020). Research 

indicates that consuming oat-based foods can reduce postprandial glycemic responses, regulate 

blood pressure, and lower the risk of cardiovascular diseases. Additionally, the bioactive nature 

of β-glucans contributes to the anti-inflammatory and anti-tumor properties of oats (FDA, 1997; 

EFSA, 2010; Zou et al., 2015). 

 However, the positive effects of oat consumption are also associated with other 

bioactive compounds. Oats have a special nutritional profile compared to other cereals, which 

is characterized by its high protein content (15-20% of the grain weight) (Ma et al., 2021) About 

30% of the proteins are present in the embryo (Paudel et al., 2021). The main storage proteins 

in most cereals (wheat, barley, rye) are prolamins which are the main components of gluten 

(Alemayehu et al., 2023). Oats is an exception, where globulins play the main role with 55% of 

the total protein content (Broeck et al., 2016). The next more abundant are avenins, which 

account for 10-13% of the total protein content of oats, and prolamins which make up a minor 

percentage (Broeck et al., 2016; Klose and Arendt, 2012). Another reason that distinguishes 

oats from other cereals is its special protein composition, which consists of essential amino 

acids such as lysine and threonine (Klose and Arendt, 2012). Therefore, oat proteins have a 
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higher biological value than other prolamin-rich cereals and can contribute to lowering total 

serum and LDL cholesterol levels (Paudel et al., 2021; Tong et al., 2016). Nevertheless, The 

European Commission (EC 41/2009) reports that oats can be included in the diet of people with 

gluten intolerance (celiac disease). However, oat cultivar used for a gluten-free diet should be 

carefully selected, produced, and processed to avoid contamination with other gluten-

containing cereals (Silano et al., 2014). Furtheron, oats have the highest fat content of all cereals 

with a lipid content of 5 to 9% in oat groats (Paudel et al., 2021), with monounsaturated fatty 

acids (MUFA, C18:1) and polyunsaturated fatty acids (PUFA, C18:2) being the most abundant 

and unsaturated fatty acids (C16:0) the least (Broeck et al., 2016). This fatty acid profile and 

high lipid content makes oats a valuable food with health benefits such as reducing the risk of 

cardiovascular disease (Kouřimská et al., 2018). 

 The health benefits of oats are also associated with other minor components such as 

tocols (tocopherols and tocotrienols), phenolic compounds and sterols (Martínez-Villaluenga 

and Peñas, 2017). Several phenolic compounds have been identified in oats, act as strong free 

radical scavengers, with the highest content in bran (Martínez-Villaluenga and Peñas, 2017. 

The most abundant is ferulic acid, followed by caffeic and sinapic acid (Soycan et al., 2019). 

Other phenolic compounds include avenanthramides (AVAs), p-hydroxybenoic acid, vanillic 

acid, tricin, protocatechuic acid, syringic acid, p-coumaric acid, tricin, apigenin, luteolin, 

kaempferol and quercetin (Paudel et al., 2021). Phenolic compounds can be present in free form, 

as soluble conjugates or bound to cell wall constituents, which determines their potential health 

benefits (Grundy et al., 2018). Those bound to cell wall components, such as arabinoxylan, 

have limited bioavailability compared to those in free form.  

 Avenanthramides are the most abundant phenolic alkaloids and are not found in other 

cereal grains. Most AVAs are found in bran (20-90 µg/g), with AVA-A (2p), AVA-B (2f) and 

AVA-C (2c) being the most abundant (Gangopadhyay et al., 2015; Paudel et al., 2021; Yang et 

al., 2014). The ability to scavenge reactive oxygen species (ROS) is crucial for their strong 

antioxidant activity, but anti-inflammatory and anti-proliferative activities are also associated 

with AVAs (Fu et al., 2015). In vitro studies have proved the attenuating effect of AVAs on the 

proliferation of colon cancer cells (Wu et al., 2018), as well as on the regulation of intestinal 

microflora and the reduction of harmful microbes (Zhang et al., 2020). 

 However, phenolic compounds and the PPO and POD, which are mainly found in 

bran, represent a challenge for the food industry to participate in the enzymatic browning of 

dough, fruit, and vegetables (Brütsch et al., 2018; Moon et al., 2020). These enzymes catalyze 

two reactions, namely the hydroxylation reaction of monophenols to o-diphenols and the 
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oxidation reaction of o-diphenols to o-quinones in the presence of molecular oxygen, which 

can then react with the phenolic groups of phenolic acids (Brütsch et al., 2018; Niu et al., 2014; 

Quinde-Axtell et al., 2006). The resulting quinones can further non-enzymatically react with 

other functional groups, such as amines, thiols, and phenolics, and form complex-colored 

products i.e. relatively insoluble brown pigment known as melanin (Brütsch et al., 2018; Moon 

et al., 2020; Niu et al., 2014). This browning has a negative impact on the sensory properties of 

the product, including the taste, texture, and appearance of cereal-based products such as dough 

for Indian multigrain flat bread (chapatti) and noodles (Banerji et al., 2019; Ma et al., 2023; 

Yadav et al., 2010). Considering that the rate of enzymatic browning is determined by the 

enzymatic activity of PPO, its inactivation by novel (thermal or non-thermal) or traditional 

(fermentation) processing methods can slow down these undesirable reactions (Banerji et al., 

2019; Niu et al., 2014; Yadav et al., 2010). 

 Oats also contain other antioxidant phytochemicals such as sterols (0.45 mg/g) and 

PA (5.6–8.7 mg/g) (Martínez-Villaluenga and Peñas, 2017. The PA has antioxidant activity due 

to its ability to chelate metal ions, rendering them catalytically inactive and inhibiting the 

production of free radicals by metals. However, this chelating effect reduces the bioavailability 

of essential minerals and phytic acid acts as a main antinutrient in oats (Baumgartner et al., 

2018; Valoppi et al., 2021). In addition, the endogenous phytase, which hydrolyzes PA, has a 

low activity that is 20 times lower compared to the wheat phytase (Brinch-Pedersen et al., 

2014). In recent years, studies have shown that the utilization of processes such as fermentation 

and hydrothermal treatment, soaking, germination, extrusion, or ultrasonic treatment can 

effectively decrease the concentration of PA in oat flour or bran, rice bran, BF, and finger millet 

(Baumgartner et al., 2018; Mohammadi et al., 2021; Rogers et al., 2017; Yadav et al., 2021). 

 The high fiber content and the absence of gluten limit the bread-making possibilities 

of OB or OF (Popa and Berehoiu, 2021). Previous studies have shown that increasing the 

proportion of oats in bakery products such as bread was associated with a reduction in the 

specific volume of wheat-oat composite bread and a deterioration in sensory properties (Astiz 

et al., 2023; Ivanišová et al., 2023; Tamba-Berehoiu et al., 2019). 
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2.2. Barley (Hordeum vulgare L.) 

Barley (Hordeum vulgare L.) is the fourth most cultivated cereal after wheat, rice, and 

maize (Boukid, 2024). This cereal has a high functional value as it is a good source of nutrients, 

i.e. dietary fiber, proteins, minerals, and phytochemicals. 

As well as oat grain, barley grain is composed from hull and caryopsis which is 

composed of bran, germ, and a large endosperm (Geng et al., 2022; Perera et al., 2022). The 

bran makes up for 7-12%, while the endosperm makes up 80% of the grain (Perera et al., 2022; 

Sharma & Kotari, 2017). The endosperm consists of the aleurone and subaleurone layer, the 

starchy endosperm, the embryo-surrounding region, and the endosperm cell walls (Perera et al., 

2022). The aleurone layer is rich in soluble protein and is a source of endogenous enzymes, 

lipids, and vitamins (Perera et al., 2022). The endosperm cell walls are mainly composed of β-

glucans (70%) and a smaller amount of AXs (20%) (Andriotis et al., 2016). In contrast, the 

aleurone cell walls consist mainly of AXs (67-71%) and smaller amounts of β-glucans (26%) 

(Izydorczyk and Dexter, 2008). 

The main nutritional component of barley is dietary fiber, which accounts for 11-34%, 

with a smaller proportion (3-20%) consisting of soluble dietary fiber (Djurle et al., 2016; T. 

Guo et al., 2020a; Nirmala Prasadi & Joye, 2020). The most important soluble fiber are β-

glucans (4-9%), which, like oats, have an EFSA-approved health claim for their contributing to 

maintaining normal blood cholesterol levels (EFSA, 2011; Hussain et al., 2021). However, 

interest in barley is also growing due to the higher proportion of biologically important 

insoluble fibers, namely AXs, which are also beneficial to human health (Geng et al., 2022). 

Barley is not only rich in dietary fiber, but also in proteins (10-20%), which are mainly 

concentrated in the endosperm (Huang et al., 2020). Barley proteins consist of 75% gluten (50% 

prolamins and 25% glutenins) (Farag et al., 2020), and are an excellent source of essential 

amino acids such as threonine, valine, lysine, and phenylalanine with potential health benefits 

(Sullivan et al., 2013). In addition, compared to oats, barley has a lower lipid content (2-3%), 

which is particularly abundant in the endosperm (Raj et al., 2023). The most important fatty 

acids in barley are linoleic acid (50–60%), palmitic acid (20–30%), oleic acid (10–15%) and 

linolenic acid (4–9%) (Farag et al., 2020). 

Barley contains a variety of different phytochemicals with antioxidant and 

antiproliferative effects, including lignans, tocols, phytosterols, flavonoids, phenolic acids, and 

folates (Fogarasi et al., 2015). Phenolic acids (0.6-1.3 mg/g) make up the majority of 
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phytochemicals in barley and are mainly concentrated in the outer layers of the grain 

(Holtekjølen et al., 2006; Raj et al., 2023). The most abundant phenolic acid is ferulic acid 

(68%), followed by coumaric, vanillic, syringic and sinapic acids (Raj et al., 2023). Most 

phenolic acids are present in bound form, esterified in cell wall components such as 

hemicellulose and arabinoxylans (Raj et al., 2023).  

The browning that occurs in barley products limits its use by the food industry and 

consumers. Phenolic compounds and PPO, which are most concentrated in the bran, are 

responsible for the color change of the dough. Therefore, bran removal, heat treatment, 

exclusion of oxygen and the use of browning inhibitors (ascorbic acid, 4-hexylresorcinol, 

sodium bisulfite, EDTA, benzoyl peroxide) are effective in slowing down the discoloration of 

barley flour dough due to the inactivation of PPO (Baik et al., 2008; Quinde-Axtell et al., 2006). 

Similarly, superheated steam treatment, ultrasound treatment, pulsed light and vacuum 

microwave treatment were also used, and different pH values were tested, on the activity of 

PPO whole wheat flour and bran, as well as on the browning of semi-dried whole wheat 

noodles, wheat 3D-printed snacks, and wheat noodle sheets (Guo et al., 2020b; Habuš et al., 

2021a; Zhao et al., 2020). However, heat treatments lead to denaturation of the proteins and 

gelatinization of the starch, which alters the physical and functional properties of barley flour, 

while the antibrowning agents are declared as additives, which reduces consumer preference 

for products containing them (Baik et al., 2008). 

Three main types of flavonoids, namely anthocyanins, flavanols and proantocyanidin 

polymers, which have a protective effect against cancer and coronary heart disease, have been 

found in barley (Raj et al., 2023). Their concentration varies between 0.6 and 3.1 mg/g and 

correlates with the color of barley grain, flour, or bran (Kim et al., 2007; Z. Liu et al., 2013). In 

contrast to other cereals, barley contains measurable amounts of the flavonoid catechin, which 

has anti-carcinogenic, anti-allergic and anti-inflammatory properties (Raj et al., 2023). 

Furtheron, barley contains tocols (tocopherols and tocotrienols) and is one of the largest cereal 

sources of tocotrienols with great antioxidant effects that stimulate the immune system (Raj et 

al., 2023). 

As in oats, the main antinutrient of barley is PA (3.85-9.85 mg/g) (Dai et al., 2007), and 

an additional challenge is the low phytase activity, which is 2-fold lower compared to wheat 

(Brinch-Pedersen et al., 2014). In bread production, the process steps are important as the 

prolonged fermentation (especially when using sourdough) significantly reduces (50-95%) the 
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PA content in whole grain foods and leads to improved bioavailability of minerals (Buddrick et 

al., 2014; Fang et al., 2023).  

 Recent studies have shown that the addition of barley flour or bran to noodles, 

chapatti, taftaan flat bread, wheat bread significantly improves the nutritional profile by 

increasing the fiber content and antioxidant properties (Ding et al., 2024; Gujral et al., 2018; 

Mansoor et al., 2021; Mariotti et al., 2014; Sharma & Kotari, 2017 Zheng et al., 2023).  

However, the use of BF or BB in bread making is limited as they affect the sensory properties 

of the bread, i.e., lower loaf volume, harder and chewier crumb, bitter and darker bread 

(Mansoor et al., 2022; Mariotti et al., 2014; Pejcz et al., 2017; Robles-Ramírez et al., 2020).  

 Table 1 shows the research available to date on the topic of enriching flat bread with 

oats and barley, and it evident that this topic has not yet been sufficiently researched, 

particularly in the case of oats.
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Table 1. Report on the effects of the addition of oats or barley on the nutritional and sensory properties of wheat flat bread. 

Bread type 
Added alternative 

raw material 

Flour 

addition/substitution 

(%) 

Effects on the 

nutritional properties of 

flat bread  

Effects on the 

physical/sensory properties of 

flat bread  

Reference 

Wheat-barley 

composite pan 

bread 

barley flour 

10, 15 and 20% 

substitution of 

wheat flour 

increased dietary 

fiber, β-glucans, 

minerals, and 

antioxidant level 

increased crumb 

hardness, chewiness, 

and springiness; 

reduced bread specific 

volume 

El-Taib et 

al., 2018 

Wheat-oat 

composite flat 

bread 

(chapatti) 

oat flour 

25 and 50% 

addition to wheat 

flour 

increased total 

phenolic and 

flavonoid content; 

increased 

antioxidant 

potential and 

higher reducing 

power  

 
Gujral et 

al., 2013 

Wheat-barley 

composite flat 

bread 

(chapatti) 

barley bran 

34% addition to 

refined wheat 

flour 

higher β-glucans, 

total phenolic and 

flavonoid content 

more pliable and softer 

after 48 h of storage 

compared to wheat 

control (according to 

sensory analysis) 

Gujral et 

al., 2018 

Wheat-barley 

composite flat 

bread 

(bazlama) 

hull-less 

barley flour 

15, 30, 45 and 

60% addition to 

wheat flour 

higher β-glucnas, 

Mg, K, Mn, Fe, 

Zn content; 

increased total 

phenolic content 

and antioxidant 

activity; 

higher bread crust 

yellowness value; 

increased crumb 

hardness 

Koksel et 

al., 2024 
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lower glycemic 

index  

Chickpea flour-

based flat 

bread 

barley flour 

10-40% 

substitution of 

chickpea flour 

higher total 

dietary fiber 

content; 

decline in protein 

and fat content; 

lower glycemic 

index 

improved textural 

properties (lower crumb 

hardness and increased 

elasticity); 

sensory acceptable 

addition of up to 30% 

Mansoor et 

al., 2021 

Wheat-barley 

composite flat 

bread (roti) 

barley flour 

5, 10, 20, 25 and 

50% substitution 

of wheat flour 

lower glycemic 

index (50% 

substitution) 

 

increased crumb 

hardness (50% 

substitution); 

lower crumb resilience;  

no significant 

difference in sensory 

properties between flat 

breads with 5-25% 

barley flour and wheat 

control bread 

Mansoor et 

al., 2019 
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2.3. Non-starch polysaccharides in oat and barley 

Oat and barley are characterized by their NSPs, of which the primary soluble form, β-

glucans predominate, as well as insoluble AXs in much lower proportion (Valoppi et al., 2021).  

The β-glucans content in barley and oats ranges from 2.5% to 11.3% and 2.2% to 7.8%, 

respectively (Lazaridou et al., 2007). Cereal mixed-linkage (1 → 3), (1 → 4)-β-D-glucans are 

linear unbranched polysaccharides that are built up of β-D-glucopyranosyl monomers 

connected through glycosidic bonds (Figure 1a) (Lazaridou et al., 2007). Their fine structure 

consists mainly of β-D-glucopyranosyl (β-D-Glcp) units, with about 30% linked via 1,3-

glycosidic bonds and 70% via 1,4-glycosidic bonds (Biliaderis, 2007; Zhang et al., 2019a). 

Considering that the structure of oat and barley β-glucans differs, with barley β-glucans 

containing a higher number of long cellotriosyl sequences, their solubility in water is not the 

same (Mikkelsen et al., 2013). The proportion of soluble β-glucans in oats varies between 27-

51% and is higher than that of barley, which contains 18-39% soluble fraction (Gajdošová et 

al., 2007). β-glucans with higher Mw show higher viscosity in aqueous solutions and have 

strong gelling properties, which increases their physiological benefits (Goudar et al., 2020; 

Zhang et al., 2019a). 

The second most abundant NSP in oat and barley are AXs which are found in the cell 

walls of aleurone cells and starchy endosperm and are responsible for maintaining cell integrity 

(Izydorczyk and Biliaderis, 2007; Mio et al., 2022; Zambrano et al., 2023). Compared to other 

grains, the amount of AXs in barley is similar to that in wheat (5.8%), lower than in rye (7.6–

12%), but higher than in oats (2.7– 3.5%), sorghum (1.8%) or rice (2.6%) (Izydorczyk and 

Biliaderis 2007). AXs features a linear xylose backbone with attached arabinose side chains 

branching from it. This heteroglycan compound comprises β-(1→ 4) linked D-xylopyranosyl 

residues (Xylp) and α-L- arabinofuranosyl units (Araf), forming its distinct structure (Figure 1b) 

(Zambrano et al., 2023). Their abilities to dissolve in water, depends on the degree of the 

substitution on the AX molecule, and they can be classified as soluble and insoluble AXs 

(Rosicka-Kaczmarek et al., 2016). Where the higher degree of Araf substitution to the Xylp 

backbone result in higher solubility (Zambrano et al., 2023). The soluble AXs are referred to as 

water-extractable AX (WE-AX), while the insoluble ones are referred to as water-unextractable 

AX (WU-AX) (Rosicka-Kaczmarek et al., 2016). AX is mainly insoluble dietary fiber (Fadel 

et al., 2018), which possess a biological activity manifested in their action as prebiotic dietary 

fiber and suppresses constipation (Kellow & Walker, 2018; Wang et al., 2016).
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Figure 1. Molecular structure of cereal a) β-glucans (Vasanthan and Temelli, 2008) and b) 

arabinoxylans (Dornez et al., 2009). 

 

Additionally, their impact extends to various physiological functions, such as strengthening the 

immune system, reducing the risk of type 2 diabetes, heart disease and certain types of cancer 

(Rosicka-Kaczmarek et al., 2016). Despite these health benefits of β-glucans and AXs, they 

limit the use of these cereals and significantly influence the properties of the dough and the 

final baked product (Cao et al., 2023). Their influence on bread making depends not only on 

their content and water solubility, but also on their size, i.e., Mw (Holtekjølen et al., 2008).  

There are several research on the effect of BF or OF, and BB or OB addition in bread 

making of wheat-oat/barley composite breads (Blandino et al., 2015; Chauhan et al., 2018; 

Flander et al., 2007; Krochmal-Marczak et al., 2020; Pejcz et al., 2017; Robles-Ramírez et al., 
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2020; Tiwari et al., 2013; Wenjun et al., 2018). The general conclusion is that the inclusion of 

these raw materials in bread making leads to a reduced bread volume, harder and denser crumb 

structure. These deteriorated physical properties of bread are a consequence of the weakening 

of the gluten network, as NSP is a physical barrier to the formation of the gluten network during 

dough development, resulting in a weaker dough structure (Courtin and Delcour, 2002).  

However, the most important change that occurs in β-glucan during the processing of 

oats/barley and oat/barley-based products is depolymerization. Oat and barley flour and even 

more bran have activated endogenous β-glucanase which depolymerizes β-glucans and thus 

reduce their Mw and viscosity (Pérez-Quirce et al., 2016; Pérez-Quirce et al. 2017). In the 

production of oat/barley-based bakery products, there is a decrease in the Mw of β-glucans as 

β-glucanases are activated when the flour is hydrated, making fermentation the most critical 

step in bread making (Johansson et al., 2018). Factors such as water content, β-glucanase level, 

flour/bran particle size and incubation time are critical in controlling the degradation of β-

glucan during food production (Johansson et al., 2018; Vatandoust et al., 2012). Therefore, the 

impact of β-glucan on health depends not only on its Mw, concentration, structure, and 

behaviorin solution, but also on the processing of the raw materials rich in this fiber or 

incorporation of it into food products (Henrion et al., 2019). Knowledge of the β-glucanase 

activity of oats or barley is valuable from a technological point of view for improving the quality 

of dough and bread (Li et al., 2020). However, the physiological effects of β-glucans remain 

uncertain. Various thermal and chemical approaches have been used to inactivate β-glucanase 

to preserve β-glucans content and structure during bread making, but their influence on the 

structural properties of preserved β-glucans and the general technological properties of the 

material is questionable. This opens up scope for research into innovative techniques in cereal 

processing with the aim of inactivating β-glucanase and preserving β-glucan structure and 

content, as well as to provide flour or bran with improved bread making properties and bread 

with acceptable physical and sensory attributes.  

Due to their nutritional value, oats and barley are increasingly used in the bakery 

industry. However, there is an increasing need for a solution that allows a reduction in the 

concentration of antinutrients (PA), technological improvements of the flour or bran and a 

further improvement of the nutritional value by preserving biologically valuable compounds 

such as β-glucans, as well as improving the physical and sensory properties of the bread. 
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3. Pre-processing of oat and barley – traditional and innovative techniques 

 

Whole-grain alternative cereals exploitation in bread making is reduced due to the lower 

technological quality compared to refined wheat (Dapčević-Hadnađev et al., 2022). The 

modification of their physico-chemical properties before dough preparation is important to 

improve the quality of the bread (Vela et al., 2023).  The modification methods can be genetic, 

mechanical, chemical, enzymatic, or physical (Zheng et al., 2013; Zhu et al., 2015). In most 

cases, overcoming these shortcomings of whole grain flour or bran is solved by changing and 

improving the recipe by adding certain additives (Dapčević-Hadnađev et al., 2022). Physical 

modifications are stand out as a solution as they involve the use of environmentally friendly 

technologies and reduce the use of chemicals and processing time (Amini et al., 2015). 

3.1. Traditional technique – sourdough fermentation 

In addition to the above-mentioned modification methods, sourdough fermentation as a 

traditional biochemical process is a popular technology for improving the functional, 

nutritional, and sensory properties of baked goods (Ebrahimi et al., 2022). Sourdough 

fermentation is based on the synergistic action of lactic acid bacteria (LAB) and the endogenous 

microflora of the cereals. There are two types of sourdough, namely type 1, which is fermented 

spontaneously with naturally occurring microorganisms, and type 2, which is fermented with 

added LAB and yeast (Weckx et al., 2019). Sourdough is not only an alternative to baker’s yeast 

but also one of the best natural ingredients for delaying bread staling, preventing its microbial 

spoilage, and improving its overall quality (Arora et al., 2021; Ebrahimi et al., 2022). The use 

of sourdough as a natural leavening agent is classified as a clean label ingredient (Vargas and 

Simsek, 2021). 

 Due to the activity of microbial phytase, but also endogenous cereal phytase, which 

is activated at lower pH values during sourdough fermentation, an effective reduction of PA of 

fermented raw materials was reported (Leenhardt et al., 2005; Özkaya et al., 2018; Yildirim and 

Arici, 2019). In sourdough-containing doughs and breads, the lowering of the pH during the 

formation of organic acids leads to the inhibition of enzyme activities such as α-amylase 

(Dapčević-Hadnađev et al., 2022). However, there is a lack of research on the influence of 

adding sourdough on the browning rate of doughs during a longer storage period, for example 

during delayed fermentation. A retarded dough method is a delayed fermentation at 0-10°C for 

14-24 h, which is generally used to improve the flavor of sourdough bread (Banerji et al., 2019). 

A high insoluble dietary fiber content, especially WU-AXs from whole grain flour and bran, as 
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well as their particle size, have a detrimental effect on the dough and the end product through 

various mechanisms: dilution of gluten, high water absorption of fiber that leads to insufficient 

hydration of gluten protein, NSPs  that act as a physical barrier for the formation of gluten 

networks are some of them (Ma et al., 2021). Sourdough fermentation improves the solubility 

of dietary fiber, especially AXs. The positive effects of this biochemical process on bread made 

from whole grain barley or oats are also due to its ability to soften the bran particles during 

fermentation. This softening effect reduces the mechanical disruption of the gluten network and 

the gas cells in the dough (Rieder et al., 2012). Numerous studies have shown a higher soluble 

dietary content, improved dough rheology and consequently better physical properties (lower 

crumb hardness and greater specific volume) of bread made with sourdough (Cera et al., 2024; 

Gidari-Gounaridou et al., 2023; Olojede et al., 2020; Pejcz et al., 2017; Rieder et al., 2012; 

Tomić et al., 2023; Özkaya et al., 2018). 

Recent studies have shown that breads containing sourdough have a richer volatile profile 

and a more pronounced flavor than breads without sourdough due to microbial and yeast 

metabolism, the Maillard reaction and the enzymatic or autoxidation of flour lipids during the 

fermentation process (Cera et al., 2024; Pétel et al., 2017; Warburton et al., 2022). During 

sourdough fermentation, organic acids (mainly acetic and lactic acid) are produced, which have 

an inhibitory effect on the growth of pathogens. This antimicrobial component of sourdough is 

the reason why sourdough breads have longer shelf life than sweet breads (Gidari-Gounaridou 

et al., 2023; (Ma et al., 2021; Sun et al., 2020). In addition, sourdough fermentation is an 

effective approach to reduce the bread ageing rate as it prevents the recrystallization of 

amylopectin in bread (Katina et al., 2006; A. Liu et al., 2024).  

To overcome detrimental effects of some cereal endogenous enzymes, previous research 

has mainly focused on the inactivation of endogenous flour or bran enzymes such as PPO, POD, 

lipase, or lipoxygenase to extend the shelf life of the raw material but also of the final product 

(Habuš et al., 2021b; Habuš et al., 2021c; Li et al, 2022; Mohammadi et al., 2021; Zheng et al., 

2023). However, there are only a limited number of studies on methods for inactivating 

endogenous β-glucanase and preserving β-glucans in bread production. Most used are thermal 

methods such as autoclaving, scalding and oven heating (Lazaridou et al., 2014; Rieder et al., 

2015a; Rieder et al., 2015b) and chemical methods such as ethanol refluxing and the use of salts 

of organic acids (calcium propionate, potassium sorbate and sodium benzoate) (Moriartey et 

al., 2010; Tosh et al., 2012). These thermal and chemical processes are an obstacle as they can 

have a negative impact on the technological properties of the flour and consumer acceptance 
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(Rieder et al., 2015a). One of the emerging technologies used to inactivate β-glucanase in rice 

flour is microwave irradiation (Pérez-Quirce et al., 2016; Pérez-Quirce et al. 2017), but there 

are no studies on the effects of other related technologies such as US and PEF. Table 2 provides 

a brief overview of the research to date on the use of US and PEF with the aim of modifying 

enzyme activity. 

 

3.2. High-intensity ultrasound 

 The US is emerging non-thermal, non-toxic, and environmentally friendly food 

processing technology. The advantages of this technology are low energy and time 

consumption, and preserved food nutrients (Estivi et al., 2022; Safwa et al., 2023). The 

mechanism of action is characterized by the induction of acoustic cavitation caused by the 

production, subsequent growth and collapse of larger bubbles that release a high amount of 

energy, resulting in cell disruption and increased mass transfer (Bhargava et al., 2021; Safwa et 

al., 2023). The impact of US cavitation effect is multifaceted, capable of either hindering or 

facilitating cell activity for purposes of sterilization or microbial growth promotion (Zhang et 

al., 2023). Ultrasound is beneficial in extraction process of different phenolic compounds from 

seeds, cereal bran, fruits, and other plant materials (Gueffai et al., 2022; Milićević et al., 2021; 

Safwa et al., 2023). It has also been successfully used for the extraction of NSPs, i.e. β-glucans 

from barley flour (Benito-Román et al., 2013). The reduction of PA from cereals such as rice 

bran and finger millet can be facilitated by US technology (Mohammadi et al., 2021; Yadav et 

al., 2021). Treatment with US can inhibit various enzymes, but it has attracted attention 

primarily because of the inhibition of browning enzymes (Safwa et al., 2023). The combined 

effect of US treatment and ascorbic acid successfully reduced the PPO activity of whole wheat 

flour (Niu et al., 2014). The PPO, POD and lipase activity of wheat bran was also significantly 

reduced (Habuš et al., 2021a; Habuš et al., 2021c). In addition, US treatment proved to be 

successful in reducing PPO activity of various fruits and vegetables (Safwa et al., 2023). 

However, treatment of millet bran with US resulted in increased PPO activity (Čukelj Mustač 

et al., 2019). The US-assisted physical modification of flour mainly refers to the main 

components, namely starch and fiber (Vela et al., 2023). The US treatment of whole grain flour 

has been shown to significantly improve the water solubility, water absorption, and swelling 

power of quinoa, buckwheat, and rice flour (Harasym et al., 2020; Vela et al., 2021; Zhu and 

Li, 2019). Previous research has shown that the use of US pregelatinized starch can improve 

the textural properties of bread (hardness and chewiness) (Jalali et al., 2020; Ma et al., 2022; 
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Vela et al., 2023). In addition, it has been shown to increase the solubility of polysaccharides 

from rice bran, making them a suitable substrate for fermentation in the production of 

nutraceuticals (Vaitkeviciene et al., 2022). 

 The effectiveness of US treatment on enzyme activity, the extractability of phenolic 

compounds and the change in functional properties of the sample depends on the sample matrix 

and the process equipment and parameters (Estivi et al., 2022; Čukelj Mustač et al., 2019; Vela 

et al., 2021).  

 

3.3. Pulsed electric field  

The pulsed electric field is a non-thermal technology capable of improving extractability 

and increasing the functionality of nutritionally valuable components (Arshad et al., 2020). The 

fundamental operating principle is based on the application of short pulses (µs-ms) of strong 

electric fields to the food placed between two electrodes (Figure 2) (Arshad et al., 2020; Duque 

et al., 2020a).  PEF treatment increases the transmembrane potential and initiates the formation 

of pores in the membrane of a plant, animal, or microbial cell (Arshad et al., 2020). 

Electroporation can be categorized as reversible (release of the cell membrane) or irreversible 

(collapse or lysis of the cell membrane) depending on the electric field intensity (EFI). Both 

types are used in various food processing applications and can be controlled depending on the 

intended function (Safwa et al., 2023). As it contributes to the permeabilization of cell 

membranes, PEF treatment led to an improved extraction efficiency by increasing the mass 

transfer rate (Kumari et al., 2018). Various bioactive molecules (β-glucans, phenols, pigments, 

etc.)  from cereal grains, fruits, vegetables, herbs, etc. were extracted by PEF (Duque et al., 

2020a; El Kantar et al., 2018; Pataro et al., 2018; Tzima et al., 2021).
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Figure 2. Scheme of PEF static treatment chamber (Qin et al., 1994). 

Moreover, the application of PEF treatment has been shown to induce alterations in the 

physicochemical properties of biomacromolecules (Duque et al., 2020a, 2020b; Jaeger et al., 

2010; Maniglia et al., 2021). Without chemical residues and requiring low energy and time 

consumption, PEF has emerged as a promising technique for modulating the activity and 

stability of numerous enzymes (Jaeger et al., 2010; Li et al., 2022; Ohshima et al., 2007; Zhang 

et al., 2017). PEF treatment increased α- and β-amylase activity in wheat grain and consequently 

improved the malting process (Carregari Polachini et al., 2023), inactivated orange juice 

peroxidase (Elez-Martínez et al., 2006), lipoxygenase of soybean and tomato juice (Li et al., 

2008; Min et al., 2003) and alkaline phosphatase in bovine milk (Sharma et al., 2014). Currently, 

most research is focused on the application of PEF technology with the aim of improving 

germination and the malting process (Table 2). 
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Table 2. Overview of the available literature on processing with US and PEF technology for the purpose of modifying the enzymatic activity of 

cereals. 

Material  Processing technique Conditions  Purpose Results  Reference  

Wheat 

seeds 
PEF 

- 25% seeds-water suspension 

- pulse width 100 µs 

- EFI 2, 4, 6 kV cm-1 

- Frequency 1 Hz 

- improvement 

of 

germination 

- increased 

amylase 

and 

protease 

activity 

Ahmed et 

al., 2020 

Wheat 

grains 
PEF 

- EFI 3 kV cm-1 

- Ws 9.9 and 19.8 kJ kg-1 

- improvement 

of 

germination 

and 

hydration  

- increased 

α- and β-

amylase 

activity 

Carregari 

Polacchini 

et al., 

2023 

Millet 

bran 
US 

- 15% bran-water suspension 

- Power 400 W 

- frequency 24 kHz 

- time 5, 12.5, 20 min 

- amplitude 60, 80, 100 % 

- inhibition of 

the activity 

of the 

oxidative 

enzyme; 

- improvement 

of physical 

and 

nutritional 

quality 

 

- increase 

in PPO 

activity 

Čukelj 

Mustač et 

al., 2019 
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Wheat bran US 

- 14% bran-water 

suspension 

- power 400 W 

- frequency 24kHz 

- amplitude 100% 

- time 2 min 

- temperature 95 ± 0.5°C 

- inhibition of enzymatic 

browning of 3D printed 

snacks 

- decrease in PPO 

activity 

Habuš et al., 

2021a 

Wheat bran US 

- 15 mL bran-water 

suspension 

- power 400 W 

- frequency 24 kHz 

- amplitude 80% 

- time 15 min 

- prolongation of wheat 

bran oxidative stability 

- decrease in POD 

and lipase activity 

Habuš et al., 

2021b 

Whole wheat flour 
- US in combination with 

ascorbic acid 

- 10% flour-water 

suspension 

- power 750 W, 

frequency 20 kHz 

pulse mode 25s on/5 s 

off  

- temperature < 50°C 

- inhibition of enzymatic 

darkening of whole 

wheat raw noodles 

- decrease in POD 

activity 
Niu et al., 2014 

Barley grain PEF 

- pulse width 6 µs 

- EFI 0.5, 1, 3 kV cm-1 

- frequency 20 Hz 

- Ws 0.5, 1, 5 kJ kg-1 

- improvement of barley 

germination for malting 

process 

- increase in α-

amylase activity 

-  

Saxton et al., 

2024 

Barley seeds PEF 

- pulse width 4, 6, 8 µs 

- frequency 300, 500, 

700 Hz 

- voltage 6, 9, 12 kV 

- time 6, 10, 14 min 

- elevation of α-amylase 

activity; 

- improvement of malting 

process 

- increase in α-

amylase activity 

Zhang et al., 

2019b 
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However, different PEF treatment parameters can have different effects on enzyme activity, 

which can either activate or deactivate them (Ohshima et al., 2007). In addition, the effects of 

PEF technology on the physicochemical properties of polysaccharides such as corn, wheat and 

cassava starch, sugar beet pectin and chitosan have been investigated (Han et al., 2012; Ma et 

al., 2012; Maniglia et al., 2021; Rivero-Ramos et al., 2023). Previous research was mainly based 

on the effects of PEF technology on individual cereal molecules, mostly wheat starch and 

proteins (Li et al., 2019; Zhang et al., 2021). So far, the effectiveness of PEF treatment has been 

tested on wheat, oat, and cassava flour (Achayuthakan et al., 2023; Conde et al., 2022; Duque 

et al., 2020b, 2020b, 2022). Still, current literature does not adequately describe how PEF 

treatment affects the physical and functional properties of starchy foods, with a notable gap in 

understanding its effects on oat and barley flour. The effects of PEF technology on cereals in 

general, especially on polysaccharides and the activity of their endogenous enzymes, have only 

been studied to a limited extent.
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4. Hypothesis, research objectives, and expected scientific contributions  

 

This research hypothesizes the following: 

 

1. High-intensity ultrasound or pulsed-electric field treatment reduces the activity of 

endogenous cereal β-glucanases and the concentration of antinutrients 

2. Non-thermally treated raw materials are convenient for sourdough process  

3. Flat bread with added oat or barley sourdough has improved nutritional value, longer 

shelf life and higher consumer acceptance 

 

The general objective of this dissertation was to gain knowledge about the influence of US and 

PEF on the properties of oat and barley bran and flour, respectively, the possibilities of 

sourdough process of treated materials. Furthermore, the goal is their application in a single-

layer flat bread to improve the nutritional value and extend the shelf life while maintaining the 

technological quality and consumer acceptance. 

Given its complex nature and large scope, this study is divided into four interconnected parts:  

In the first part of the research, a database of different types of flat breads was established to 

obtain an overview of different recipe, production process and nutritional value (Publication 

No. 1). 

In the second part of the research, the influence of bran addition on the kinetics of sourdough 

fermentation of oat and barley flour was investigated. The use of sourdough in the retardation 

of dough for flat bread was addressed (Publication No. 2). 

In the third research part the influence of ultrasound treatment on β-glucanase activity, phytic 

acid and total phenolic content, and functional properties of oat and barley bran were examined 

(Publication No. 3). The effects of ultrasound treatment on the structure of the non-starch 

polysaccharides and the ability of the treated material to ferment into sourdough were 

investigated, as well as the use of the sourdough obtained for the making of nutritionally 

improved flat breads (Unpublished data). 

The fourth part of the research investigated the effects of pulsed electric field technology on the 

inactivation of β-glucanase, the structure of non-starch polysaccharides of oat and barley flour, 
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the rheological properties of dough and the application of the treated materials in flat bread 

(Publication No. 4). 

Throughout this dissertation the following questions were examined: 

1) What type of flat bread is widely available on the Croatian market and what are the main 

ingredients? Are Croatian consumers interested in flat bread with increased β-glucan 

content, enriched with oats and barley or their sourdough? Are Croatian bakery 

manufacturers interested in increasing their production capacity for the production of 

flat bread? 

2) What are the main ingredients, production processes and main quality characteristics of 

flat breads from the Mediterranean region? (Publication No. 1) 

3) Can the addition of oat and barley bran accelerate the kinetics of sourdough 

fermentation of oat and barley flour? Can the addition of oat and barley sourdough 

contribute to the shelf-life by slowing down the enzymatic browning of bread doughs 

during dough retardation? What are the effects of dough retardation on glucan and 

phytates content? (Publication No. 2) 

4) Can high-intensity ultrasound simultaneously reduce β-glucanase activity and the 

concentration of antinutrients in oat and barley bran? (Publication No. 3) Are the treated 

brans convenient for sourdough process? Does the US treatment have a positive effect 

on the retaining of β-glucans in flat bread? (Unpublished data) 

5) How pulsed electric field treatment of oat and barley flour affects the β-glucanase 

activity, the concentration and the molecular weight of β-glucans and the functional 

properties of flour? Can the flour pretreatment yield in breads of increased dietary fiber 

and β-glucans content while preserved quality features? (Publication No. 4) 

 

Throughout this dissertation next was achieved: 

1) detailed insight into the flat breads produced in the Mediterranean region (8 countries), 

information on flat bread production steps, main ingredients, and end-product 

characteristics. 

2) better understanding of the effects of the addition of bran on the acidification power of 

oat and barley flour and the influence of sourdough on the browning of flat bread dough 

during retardation 
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3) better understanding of the effects of high-intensity ultrasound and pulsed electric field 

on the enzyme’s activities, especially β-glucanase, β-glucans concentration and 

molecular weight, structure of non-starch polysaccharides, and techno-functional 

properties of oat and barley flour 

4) development of nutritionally improved wheat-oat and wheat-barley composite flat 

breads and sourdough flat breads made from US- or PEF-pretreated oat and barley flour  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

  32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

___________________________________________________________________________ 

Chapter 2 
 

Scientific papers 

1. Publication No. 1: The large and diverse family of Mediterranean flat 

breads: A database 

2. Publication No. 2: Sourdough fermentation of oat and barley flour with 

bran and its application in flat bread made with no-time and dough 

retardation methods 

3. Publication No. 3: Ultrasound-assisted modification of enzymatic and 

antioxidant activities, functional and rheological properties of oat and 

barley bran 

4. Publication No. 4: Pulsed electric field of oat and barley flour: Influence 

on enzymes, non-starch polysaccharides, dough rheology properties, and 

application in flat bread 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

  33 

Publication No. 1 

 

Pasqualone, A., Vurro, F., Summo, C., Abd-El-Khalek, M. H., Al-Dmoor, H. H., Grgić, T., 

Ruiz, M., Magro, C., Deligeorgakis, C., Helou, C., Le-Bail, P. (2022) The large and diverse 

family of Mediterranean flat breads: A database. Foods, 11, 2326. (Q1) 

DOI: 10.3390/foods11152326 

Permission to reuse publication: “No special permission is required to reuse all or part of 

article published by MDPI, including figures and tables. For articles published under an open 

access Creative Common CC BY license, any part of the article may be reused without 

permission provided that the original article is clearly cited. Reuse of an article does not imply 

endorsement by the authors or MDPI.” 

 

Author contributions (Contributor Roles Taxonomy – CRediT): 

Antonella Pasqualone: Conceptualization, Methodology, Data acquisition, Formal analysis, 

Writing – original draft preparation, Writing – review and editing, Supervision, 

Francesca Vurro: Methodology, Data Acquisition, Formal analysis, Writing – review and 

editing, 

Carmine Summo: Data acquisition, Formal analysis, Writing – review and editing, 

Mokhtar H. Abd-El-Khalek: Data acquisition, Writing – review and editing,  

Haneen H. Al-Dmoor: Data acquisition, Writing – review and editing,  

Tomislava Grgić: Data acquisition, Writing – review and editing,  

Maria Ruiz: Data acquisition, Writing – review and editing, 

Christopher Magro: Data acquisition, Writing – review and editing, 

Christodoulos Deligeorgakis: Data acquisition, Writing – review and editing,  

Cynthia Helou: Data acquisition, Writing – review and editing 

Patricia Le-Bail: Data acquisition, Writing – review and editing, Supervision, Project 

administration, Funding acquisition 

 

https://doi.org/10.3390/foods11152326


 

 

 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



 

 



 

 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 

 



Chapter 2 

  33 



 

 



 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

  61 

Publication No. 2 

 

Grgić, T., Drakula, S., Voučko, B., Čukelj Mustač, N., Novotni, D. (2024) Sourdough 

fermentation of oat and barley flour with bran and its application in flatbread made with no time 

and dough retardation methods. Fermentation, 10, 174. (Q2) 

 

DOI: 10.3390/fermentation10030174 

 

Permission to reuse publication: “No special permission is required to reuse all or part of 

article published by MDPI, including figures and tables. For articles published under an open 

access Creative Common CC BY license, any part of the article may be reused without 

permission provided that the original article is clearly cited. Reuse of an article does not imply 

endorsement by the authors or MDPI.” 

 

Author contributions (Contributor Roles Taxonomy – CRediT): 

Tomislava Grgić: Conceptualization, Formal analysis, Investigation, Writing – original draft 

preparation  

Saša Drakula: Methodology, Formal analysis, Investigation 

Bojana Voučko: Methodology, Writing – review and editing 

Nikolina Čukelj Mustač: Methodology, Validation, Writing – review and editing  

Dubravka Novotni: Conceptualization, Validation, Resources, Writing – review and editing, 

Supervision, Funding acquisition 

 

 

 

 

https://doi.org/10.3390/fermentation10030174


 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

79 
 

Publication No. 3 

 

Grgić, T., Pavišić, Z., Maltar-Strmečki, N., Voučko, B., Čukelj Mustač, N., Ćurić, D., Le-Bail, 

A., Novotni, D. (2023) Ultrasound-assisted modification of enzymatic and antioxidant 

activities, functional and rheological properties of oat and barley bran. Food and Bioprocess 

Tehcnology, 16, 2461-2429. (Q1) 

DOI: 10.1007/s11947-023-03074-5 

Permission to reuse publication: „The Licensee grants to the Author the following non-

exclusive rights to the Version of Record, provided that, when reproducing the Version of 

Record or extracts from it, the Author acknowledges and references first publication in the 

Journal according to current citation standards. “ 

 

Author contributions (Contributor Roles Taxonomy – CRediT): 

Tomislava Grgić: Formal analysis, Data curation, Writing original draft, Preparation of all 

tables and figures 

Zrinka Pavišić: Formal analysis 

Nadica Maltar-Strmečki: Methodology, Formal analysis 

Bojana Voučko: Experimental procedure, Project administration, Revision of the manuscript 

Nikolina Čukelj Mustač: Writing original draft, Review and editing, Revision of the 

manuscript  

Duška Ćurić: Resources, Supervision, Revision of the manuscrip  

Alain Le-Bail: Conceptualization, Funding acquisition, Revision of the manuscript 

Dubravka Novotni: Experimental design, Validation, Revision of the manuscript, 

Supervision

https://doi.org/10.1007/s11947-023-03074-5


 

 
 

 



 

 



 

 
 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

  94 

 

Publication No. 4 

 

Grgić, T., Bleha, R., Smrčková, P., Stulić, V., Vukušić Pavičić, T., Synytsya, A., Iveković, D., 

Novotni, D. (2024) Pulsed electric field treatment of oat and barley flour: Influence on 

enzymes, non-starch polysaccharides, dough rheology properties, and application in flat 

bread. Food and Bioprocess Technology. (Q1) 

DOI: 10.1007/s11947-024-03383-3 (Open access) 

Permission to reuse publication: „The Licensee grants to the Author the following non-

exclusive rights to the Version of Record, provided that, when reproducing the Version of 

Record or extracts from it, the Author acknowledges and references first publication in the 

Journal according to current citation standards. “ 

 

Author contributions (Contributor Roles Taxonomy – CRediT): 

Tomislava Grgić: Formal analysis, Data curation, Writing original draft, Preparation of all 

tables and figures 

Roman Bleha: Methodology, Formal analysis 

Petra Smrčková: Formal analysis 

Višnja Stulić: Formal analysis 

Tomislava Vukušić Pavičić: Methodology, Formal analysis 

Andriy Synytsya: Data curation, Resources, Writing original draft, Review and editing, 

Revision of the manuscript 

Damir Iveković: Methodology, Formal analysis, Resources, Writing original draft 

Dubravka Novotni: Validation, Revision of the manuscript, Supervision

https://doi.org/10.1007/s11947-024-03383-3


 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 



Chapter 3 

 

 

 

 

 

 



Chapter 3 

 
  117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

___________________________________________________________________________ 

Chapter 3 
 

General discussion 

1. Flat bread database 

2. Sourdough fermentation kinetics, dough retardation method, oat and barley 

flat bread properties  

3. Pre-processing of oats and barley: effects on enzyme activities, phenolic 

compounds, non-starch polysaccharides and functional properties of oat 

and barley flour and bran and dough rheology 

4. Nutritional, physical, and sensory properties of oat and barley flat breads 

made from pre-processed flour and bran



 

 
 



Chapter 3 

118 
 

 

1. Flat bread database 

 

Before developing solutions, it is essential to analyze the challenges that arise in the 

production of different types of flat bread. Publication No. 1 presents a detailed study carried 

out as part of the FlatBreadMine Project, focusing on flat breads in nine Mediterranean 

countries: Croatia, Egypt, France, Greece, Italy, Jordan, Lebanon, Malta, and Spain. It contains 

extensive data on the different types of flat breads, the ingredients used, the production 

processes and the nutritional profiles collected through interviews with experts and bakers 

familiar with flat bread production, as well as through analyses of flat bread products on the 

Croatian market. 

Publication No. 1 contains a database of 143 types of flat breads, including 51 single-layered, 

15 double-layered, 66 garnished and 11 fried varieties. Within this assortment, there were a total 

of 14 different types of Croatian flat breads, of which 7 are garnished, 5 are single-layered and 

2 are double-layered, with no fried varieties recorded (Publication No. 1 – Table 1). Croatian 

flat breads consist of different types of peka bread, pogacha, somun, lepinja, poljički soparnik, 

rudarska greblica, Zlevanka, šlapica, and (zagorski) mlinci, as well as focaccia and ciabatta as 

flat breads originated from Italy but present on the Croatian market. In the production of all 

Croatian flat breads, refined wheat flour is used as the main flour. Corn flour is the second most 

common type of flour used, accounting for 21% of all flat breads, followed by whole grain 

wheat flour and rye flour at 14%, all of which are used in the blend with refined wheat flour. 

Many Croatian recipes do not contain added lipids, but if is used, sunflower oil predominates, 

while olive oil and vegetable oil are used to a lesser extent (Publication No. 1 – Table 3). The 

use of olive oil usually implies its mixture (50:50) with sunflower oil. On the other hand, fat of 

animal origin, i.e. lard, is used in the production of certain types of flat bread (rudarska greblica 

and Zlevanka). Compressed baker's yeast is the most commonly used leavening agent, 

accounting for 64% of the total flat bread types. Baking powder and sourdough are used much 

less frequently (14%), while 21% of flat breads are unleavened (e.g., poljički soparnik, mlinci, 

zagorski mlinci). In addition to oils and fats, garnished flat breads contain a variety of 

ingredients that contribute to different sensory profiles. These ingredients, which are used to 

fill or flavor the dough before baking, are crucial to the unique character of each flat bread. In 

Croatian flat bread production, these additional ingredients can be of both plant and animal 

origin. Vegetable ingredients such as spices, various vegetables, cereals, and seeds make up 
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50% of the total, while ingredients of animal origin such as dairy products, eggs, canned fish 

and meat together make up 56%. Croatian flat breads often contain additional ingredients, as 

can be seen in varieties such as pogacha and ciabatta with olives, poljički soparnik with mangel 

and vegetables and mlinci with eggs. Most Croatian flat breads can be produced in both ways, 

i.e., they have an artisanal character, but also can be produced at industrial level if this was not 

already the case. The production process consists of kneading the ingredients (by hand or by 

machine), bulk fermentation (if present), shaping (usually into circular shape), proofing 

(controlled temperature and time), and baking which is usually performed at a temperature 

below 250°C usually using electric deck oven. In case of artisanal production, the baking is 

performed in the fireplace (named Komin), under hot ashes and embers or on the hearth, under 

a bell-shaped iron lid (named Peka) which is covered with embers at a very high temperature 

(>300°C). Around 36% of Croatian flat breads are round in shape, usually with a diameter of 

between 10 and 40 mm, while the remaining 64% are rectangular or oval in shape. Some 

Croatian flat breads have national and European quality scheme. Pogacha z oreji is awarded 

the "Intangible Cultural Goods" quality scheme, conferred by the Ministry of Culture of the 

Republic of Croatia. The "Croatian Quality" label, awarded by the Croatian Chamber of 

Commerce is associated with pogacha, while poljički soparnik and zagorski mlinci have been 

awarded the European protected geographical indication. 

To assess the nutritional quality of this product, the Croatian flat bread market was 

considered, where data on the nutritional value of 39 types of gluten-containing Croatian flat 

bread were collected (Supplementary – Figure 2; Garzon et al., 2022). Since refined wheat flour 

is the main raw material, the main disadvantage of Croatian flat breads is the low dietary fiber 

content (only 2.9% on average), which makes this product an ideal material for improving the 

nutritional composition. In addition, the use of sourdough in production is underutilized, 

although consumer interest in flat breads made with sourdough is increasing. This renewed 

interest is driven by the perceived improvement in nutritional value and overall quality that 

sourdough brings to flat breads. 
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2. Sourdough fermentation kinetics, dough retardation method, oat and barley flat 

bread properties  

 

The resurgence of sourdough fermentation represents a modern adaptation of traditional 

biotechnology and offers an efficient way to incorporate non-wheat grains into bread production 

(Ramos et al., 2021). The fermentation of barley in sourdough has been studied to some extent 

and has proven successful, while research on the fermentation of oats is limited, mainly because 

of its low acidification power (Cera et al., 2024; Mariotti et al., 2014; Pejcz et al., 2017; 

Reidzane et al., 2023). However, all these studies focus on the effects of adding sourdough on 

the physical, nutritional, and sensory properties of bread, while the acidification kinetics of 

flour were neglected. The addition of sprouted rye, wheat, maize, barley, and lentil seeds has 

been shown to stimulate the growth of LAB in rye sourdough and accelerate the acidification 

kinetics (Diowksz et al., 2014). Like sprouted seeds, bran is a good source of enzymes and high-

quality nutrient compounds that can stimulate microbial growth and acidification kinetics 

during sourdough fermentation (Diowksz et al., 2014). Analysis of the chemical composition 

of oat and barley flour and bran (Publication No. 1 – Table 2) showed that bran contained 71-

166% higher dietary fiber, 45-165% β-glucans, and 66-189% total phenolic content than flour. 

Compared to flour, bran contained significantly higher concentrations of all minerals. It 

contained 147-251% more Fe, 13-60% more Zn, and 27% more Cu. The Mg content varied 

depending on the type of cereal: in barley, the Mg content in flour was 52% higher than in bran, 

while in oats it was 69% higher in bran than in flour. Compared to oat flour, barley flour 

contained a higher content of minerals and β-glucans as well as twice as much dietary fiber and 

total phenols. However, when comparing bran, oat bran outperformed barley bran for the same 

components. 

The acidification kinetics of OF and BF alone or its mixture with bran as a function of 

sourdough fermentation conditions dough yield, starter and temperature) are shown in the 

Supplementary materials (Figure 1 and Table 1). The change in pH during sourdough 

fermentation was well fitted to the Gompertz model, except for the fermentation of OF with 

LV1 at DY 200 and 22°C. Overall, BF had a higher acidification power than OF (Supplementary 

– Table 1). With increasing DY (from 200 to 300), the acidification rate was slightly lower for 

OF (31%), while it remained unchanged for BF (Supplementary – Figure 1a). By replacing the 

LV4 starter with LV1, an even higher acidification rate (54%) was achieved in BF under the 

same fermentation conditions, while it remained unchanged in OF. Increasing the temperature 
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from 22°C to 30°C shortened the lag time and the time required to reach the maximum 

acidification rate, while the acidification rate of both BF and OF increased by 104-116% 

(Publication No. 2 – Table 3, Supplementary - Figure 1b and Table 1). After the addition of bran 

to the flour, acidification slowed down at 22°C, while it increased at 30°C. Thus, increasing the 

temperature from 22 to 30°C accelerated the fermentation rate of oat and barley flour/bran 

sourdough by 12-– 64% (Supplementary – Figure 1c), resulted in lower pH (8%) and higher 

TTA (23-45%) after 24 hours of fermentation with LV1 (Publication No. 2 - Table 3, 

Supplementary – Table 2). According to Flander et al. (2011), the fermentation temperature has 

the greatest influence on the acidity of the sourdough (pH, TTA and lactic acid content). 

The Publication No. 2 provides a detailed understanding of the influence of adding OB or 

BB on the acidification kinetics, total titratable acidity (TTA), microbial viable cell count (CFU) 

and organic acid concentration in sourdough from OF or BF. The addition of bran to flour (1:3) 

shortened the lag time and accelerated the acidification rate of the sourdough fermentation. The 

OF showed a 1.5-fold increase in TTA and a decrease in pH with the addition of OB, while BF 

showed no significant differences after 24h of sourdough fermentation (Publication No. 2 – 

Figure 1 and Table 3).  Both oat sourdough samples (flour only and flour-bran mixture) had a 

52 % higher acetic acid content than barley sourdoughs (Publication No. 2 – Table 4). Thus, the 

fermentation quotient of barley sourdough was about 2 times higher than that of oat sourdough. 

The addition of bran reduced the lactic acid content of barley sourdough and the fermentation 

quotient of both types of sourdough. The recommended fermentation quotient is below 5.0, but 

with large fluctuations from 0.25 to 20 (Arora et al., 2021). Similarly, the addition of sprouted 

seeds proved to have a stimulating effect on the fermentation process of rye flour, shortening it 

by 8-16 h and increasing the TTA by 1.25-1.6 times, depending on the dose and temperature 

(Diowksz et al., 2014). 

To reduce the phytate content of bread, a sourdough fermentation is generally used. This 

traditional process also offers other solutions, such as its suppressive effect (due to its low pH) 

on enzyme activity in bread making. Publication No. 2 shows the effects of sourdough addition 

on the darkening of the dough during retardation process, as well as on the nutritional and 

physical properties of wheat-oat and barley composite flat breads. A 24-h dough retardation 

significantly reduced the PA concentration in oat bread by 38% and in barley bread by 27-32% 

compared to the no-time process (Publication No. 2 – Table 6). Previous studies have shown 

that sourdough fermentation successfully reduces the PA content of whole grain bread by 30 to 

85% (Leenhardt et al., 2005; Naji-Tabasi et al., 2022; Yildirim & Arici, 2019). Prolonged 
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fermentation (dough retardation) of doughs containing sourdough also further reduces the PA 

content (Fang et al., 2023). Certainly, β-glucans are also degraded during prolonged 

fermentation. The approx. temperature of 30 °C for dough rising favors β-glucanase activity. 

However, during the retardation process at 0-4 °C, β-glucanase activity is slowed down, 

resulting in a lower but still significant decrease in β-glucan content in oats (4-9%) and barley 

(8-28%) in retarded flat bread compared to bread from no-time method (Publication No. 2 – 

Table 6). The β-glucans reduction in this study is lower compared to the results in the literature, 

which can be attributed to the low temperature during retardation and the lower pH of the bread 

dough due to the addition of sourdough, which together delayed the β-glucanase activity. 

Flander et al. (2011) and Gamel et al. (2015) observed a reduction (12–23%) in β-glucans when 

oat sourdough was incorporated into wheat-oat composite bread. As the content of β-glucans in 

bread has decreased significantly, pre-processing of raw materials is needed to inactivate β-

glucanase that catalyzes the β-glucans depolymerization reaction. Still, about 275 g of oat and 

about 560 g of barley flat bread with 50% sourdough (which corresponds to replacing 30% of 

wheat flour with OF or BF) could meet the daily requirement of 3 g of β-glucans. 

Nevertheless, the addition of sourdough had a positive effect on the color of the dough 

during retardation, since the activity of PPO, the enzyme that catalyzes oxidative browning, 

was suppressed at low pH (Liu et al., 2019).  Dough samples without sourdough showed a very 

distinct color change already after 6 h of cold storage (TCD>3), while dough samples with 

added sourdough (30% and 50% dough weight) were browning slower with the distinct TCD 

values (1.5<TCD<3) after 24 h of retardation (Publication No 2. – Figure 2). Increasing the 

proportion of oat or barley flour-bran sourdough (from 30% to 50%) in the flat breads resulted 

in a lower specific volume (Publication No. 2 – Figure 3), which is in contrasts with the results 

from Table 6 for the flat breads with OB/BB sourdough, where the amount of sourdough was 

added to the mixture so that the added bran represented 10% of the weight of the wheat flour. 

In this case, the addition of 30% or 50% of oat/barley sourdough (dough weight), means the 

replacement of 18% and 30% of wheat flour with oat or barley flour-bran blend, respectively. 

Higher content of oat and barley, i.e., increased content of dietary fiber with a high-water 

binding capacity, limits the water for the formation of the gluten network and has a negative 

effect on the bread volume (Gill et al., 2002). The reduced pH value of the dough (4.1-4.9) 

caused by the addition of sourdough increases the solubility of the protein and hinders the 

formation of new bonds, which leads to a weakening of the wheat gluten. In addition, these 

acidic conditions favor the proteolysis of gluten and increase the solubility of dietary fibers, 
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especially arabinoxylan (Arendt et al., 2007). During the retardation process, the amount of gas 

increases to the extent that the gluten-starch matrix cannot trap it, and there is a significant 

decrease in bread volume, as shown in Publication No. 2 (Table 6).  The dough shelf life of 48 

h of retardation proved to be unacceptable due to excessive darkening of the dough (TCD>3) 

and reduction in flat bread specific volume (18-30%).  

The crumb hardness of flat breads containing 30% or 50% oat sourdough was higher (12–

16%) than that of their barley counterparts. Overall, flat breads with 50% sourdough were 

slightly harder compared to flat breads with 30% sourdough added (4% for barley and 10% for 

oat breads). These results differ from those in Figure 6, although the reasons for this are like 

the discrepancies observed in the bread specific volume as described previously. The high 

content of dietary fiber, especially high molecular weight β-glucan in oat and high AXs content 

in barley, may interfere with the formation of the starch-protein reaction in wheat flour and 

consequently lead to a harder crumb structure (Wenjun et al., 2018). The retardation improved 

the softness of the crumb, although the bread volume was reduced. The 24h-retardation process 

resulted in very distinct color difference (TCD 2.9-4) of the bread crumb and crust (TCD 4-12) 

compared to no-time flat breads (Publication No. 2 – Table 6). However, the reason for this is 

not only the activity of PPO, but also other enzymes such as α-amylase whose products 

(reducing sugars) are involved in non-enzymatic browning i.e., Maillard reactions during bread 

baking (Olaerts et al., 2018). Despite the fact that bread samples had reduced volume (12-18%), 

and darker crumb and crust color, the storage of dough at low temperature for up to 24h can 

prolong its shelf-life. Overall, oat flatbreads were characterized by a higher content of β-glucan 

and phytic acid (PA) and had a lighter color in both the crust and the crumb. In contrast, barley 

flatbreads had a higher crumb hardness. 
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3. Pre-processing of oats and barley: effects on enzyme activities, phenolic 

compounds, and non-starch polysaccharides 

 

The following parts of the thesis include the processing of oat bran (OB) and barley bran 

(BB) with US (Publication No. 3) as well as oat flour (OF) and barley flour (BF) with PEF 

(Publication No. 4) with the aim of minimizing β-glucanase activity, increasing β-glucans 

extractability, maintaining phenolic content and antioxidant activity while reducing 

antinutrients. 

 

3.1.The effects of pre-processing on β-glucanase and phytase activity 

Cereal-based products containing oats or barley are a potential source of β-glucans, but the 

production steps lead to their degradation by endogenous β-glucanases (Johansson et al., 2018; 

Pérez-Quirce et al., 2017). Therefore, it is very important to inhibit β-glucanase activity to 

maintain the β-glucans content during the production steps and in the final product. Still, the 

incorporation of OB and BB in food increases antinutrient (phytates) content which can be 

removed by stimulating endogenous cereal phytase activity (Baumgartner et al., 2018).  

In Publication No. 3, the effect of US treatment on the endogenous β-glucanase and phytase 

activity of OB and BB was investigated for the first time. Control OB had 46% higher β- 

glucanase activity, but 62% lower phytase activity compared to BB. After the US treatment, 

with the increase of specific energy input (Ws), prolongation of treatment time, and increasing 

final temperature, the inactivation of β-glucanase showed an increasing trend. The greatest 

reduction in β-glucanase activity in oats (81.6%) and barley (55.3%) was observed in the 

treatment with the highest Ws (348 kJ kg-1) and ending temperatures above 70°C (Publication 

No. 3 – Figure 1, Table 2). Previous studies have shown that β-glucanase from rice flour and 

whole grain BF is heat-sensitive and its activity decreases with prolonged exposure to high 

temperatures during microwave treatment or oven heating (Pérez-Quirce et al., 2016; Rieder et 

al., 2015a). US treatment leads to changes in the secondary structure of enzymes through three 

main mechanisms: high temperature, cavitation pressure and free radical formation (Kumari et 

al., 2018; Y. Sun et al., 2019). The location of β-glucanase in oats and barley is not the same, 

with barley β-glucanase being further away from the cell membrane and less sensitive to US 

treatment (Mawson et al., 2011), resulting in a different effect of treatment on enzyme activity. 

In this study, oat β-glucanase was linearly inactivated after all US treatments with increasing 
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Ws. In barley, US treatments with lower Ws (87 kJ kg-1) and temperatures below 60 °C resulted 

in enzyme release and increased activity, while higher Ws and final temperatures resulted in its 

inactivation (Publication No. 3 – Figure 1). Milder conditions (lower Ws, shorter time) of US 

treatment, can lead to a change in enzyme conformation, favoring an enzyme-substrate reaction 

that stimulates the biological activity of the enzyme (Huang et al., 2017).  

Cereal phytases are enzymes responsible for the hydrolysis of phytate and the release of 

bound minerals (Mandha and Raes, 2023). Various conventional processing techniques of 

cereals (soaking, fermentation, sprouting, thermal processing and milling) are used to reduce 

phytic acid and increase the mineral bioavailability (Baumgartner et al., 2018; Guo et al., 2015; 

Liang et al., 2008). Recent studies have tested the effect of US treatment on phytate reduction 

from rice bran and finger millet but phytase activity was not investigated (Mohammadi et al., 

2021; Yadav et al., 2021). As the activity of endogenous phytase is the most important factor in 

the breakdown of phytic acid, it is important to monitor the activity of this enzyme (Liang et 

al., 2008). The temperature of 38-55°C is optimal for the cereal phytase activity (Mandha and 

Raes, 2023). However, the main trigger for the cereal phytases inactivation is high temperature 

and prolonged heating (Vashishth et al., 2017). Similar to barley β-glucanase, phytase from both 

OB and BB was activated after milder US treatments with lower Ws and temperature (87 kJ kg-

1 and 40-41°C). Still, the lowest phytase activities were recorded after the US treatment with 

the highest Ws (348 kJ kg-1) and temperatures (72-85°C) (Publication No. 3 – Figure 1). 

The effect of US on enzyme activity was dependent on both the type of enzyme and the 

sample matrix; phytase activity changed similarly in both samples, while β-glucanase activity 

depended on its origin. 

In Publication No. 4, the effectiveness of PEF treatment on the β-glucanase activity of OF 

and BF was investigated for the first time. Oats had 31% higher β-glucanase activity compared 

to barley in the case of flour. Moreover, both OF and BF had 33% and 25% lower β-glucanase 

activity, respectively, in contrast to their bran counterparts. The β-glucanase activity of OF and 

BF depends on EFI, but mainly on Ws, as it was significantly explained by the first-order kinetic 

model for both OF and BF (Publication No. 4 - Table 1). Treatment time had the least influence, 

as longer PEF treatment time (longer than the total treatment time of 1 min, i.e., effective 

treatment time of 18 ms) showed a slight continuous decrease in β-glucanase activity, which 

was finally reduced by a further 7-16 % after 9 min, i.e., 162 ms of PEF treatment. PEF 

treatment successfully reduced the β-glucanase activity of OF and BF, with the highest 

inactivation of 76.5% and 52.6%, respectively. Yet, barley β-glucanase was activated after 
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treatment with the lowest EFI of 4.5 kV cm-1 and 52.6% inactivated after treatment with 16 kV 

cm-1. EFI below 12 kV cm-1 can lead to enzyme activation, which is then inactivated by 

exposure to EFI above 12 kV cm-1, as has been shown for alcalase, horseradish peroxidase and 

pectinase (Li et al., 2022; Ohshima et al., 2007; Zhang et al., 2017). A similar behavior of β-

glucanase from BB is shown in Publication No. 3, where a milder US treatment favored enzyme 

activity. The β-glucanase from oats was inactivated even at low EFI, while the highest activity 

suppression of 76.5% was achieved after treatment at 12 kV cm-1. In PEF treatment, enzymes 

are activated or inactivated by high electric field pulses, which influences the protein structure 

(Ohshima et al., 2007). It leads to partial unfolding of the protein and triggers conformational 

changes that lead to denaturation and loss of activity (Fernandez-Diaz et al., 2000). Publications 

No. 3 and 4 show that oat β-glucanase can be inactivated more easily than barley β-glucanase, 

which requires a higher EFI, a longer treatment time and a higher Ws value for effective 

inactivation with US and PEF. However, it is difficult to compare the results obtained with 

different conventional or innovative techniques, as the heating during PEF treatment is avoided. 

Still, what can be compared is the Ws input during treatment which was 348 kJ kg-1 for the 

highest inactivation of β-glucanase with US, while it was only in the range of 4.5-5.5 kJ kg-1 

for PEF treatment to achieve a very similar residual activity.  

Comparing the US and PEF technologies, the main difference is the use of a larger quantity 

of water, i.e. a water suspension with a lower concentration in the case of the US technology 

and a higher temperature at the end of the treatment (up to 85°C), which in the case of the PEF 

was at room temperature and varied between 20.0-21.6°C (Publication No. 3 - Table 2, 

Publication No. 4 - Table 1). The high temperature and high-water content during US treatment 

lead to gelatinization of the starch granules, resulting in an irreversible loss of crystalline 

structures (Wei et al., 2023). In addition, US treatment can increase the solubility of the starch 

by breaking up the polymer particles (Ma et al., 2022). Just as the US treatment leads to 

depolymerization of the biopolymers, this also applies to the PEF treatment. The PEF 

technology excludes high temperatures, so that gelatinization of the starch is avoided. However, 

PEF treatment reduces starch molecular weight, the viscosity during gelatinization, 

gelatinization temperatures and enthalpy, while increasing in vitro digestibility (Achayuthakan 

et al., 2023; Hong et al., 2020). The effects of US and PEF treatment on other biopolymers such 

as glucan and AX, which are most important in the case of oats and barley, are similar, which 

is described in section 3.3. 
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3.2.The effects of US processing of oat and barley bran on phenolic content, antinutrients 

and antioxidant activity 

This section summarizes the results of the US processing of OB and BB for total phenolic 

content (TPC), phytic acid (PA), and AO measured by the free radical-scavenging capacity of 

2,2-diphenyl-1-picrylhydrazyl (DPPH) using an electron paramagnetic resonance (EPR), or 

ferric reducing antioxidant (FRAP) assay. Publication No. 3 shows that the type of bran was 

the main reason for the differences in TPC, PA and AO. Control OB had higher FRAP 

antioxidant capacity compared to BB. This discrepancy may be due to the higher TPC and PA 

content in oats, but also to its particular phytochemicals, such as avenanthramides, which act 

as powerful antioxidants (Fu et al., 2015). The US can trigger chemical reactions through 

acoustic cavitation, formation, and decay of small gas bubbles during treatment (Milićević et 

al., 2021). The resulting free radicals can lead to the breaking of covalent bonds, which can 

simultaneously improve the extraction of the molecules, but can also cause their damage 

(Milićević et al., 2021). The process parameters therefore primarily influence the desired result. 

In Publication No. 3, the negative effects of US treatment on TPC, DPPH and FRAP were 

demonstrated, with the results obtained depending mainly on the Ws. It has been proven that 

phenolic components are sensitive to temperature, i.e., heating (Antony and Farid, 2022). 

Therefore, with an increase in Ws followed by a linear increase in treatment time and 

temperature, there was a significant decrease in TPC and consequently AO (Publication No. 3 

– Table 4). This temperature effect was attenuated by the pulse mode during US treatment, 

which resulted in 8-15 % lower final temperatures at the same energies, but also by 7-26% 

higher TPC (Publication No. 3 – Table 2 and 4). Previous studies (Cui and Zhu, 2020, Habuš 

et al., 2021c, Yadav et al., 2021, Zhu and Li, 2019) have also shown that the cereal phenolics 

are sensitive to temperature and duration of US treatment. Still, OB phenolic compounds 

showed better stability compared to BB.  

Phytates, minerals, and phytases differ significantly across various cereal species in their 

distribution, composition, and how they interact (Mandha and Raes, 2023). In this case too, 

control OB contain more PA than BB. Just as phenolics are heat-labile, so is PA, which is not 

only an antinutrient that suppresses the bioavailability of minerals, but also acts as an 

antioxidant. Therefore, the reduction of PA positively correlated with the reduction of FRAP 

and TPC. In agreement, Yadav et al. (2021) found that an increase in US amplitude and soaking 

time resulted in a 67% reduction in phytic acid (PA) content in finger millet samples. Similarly, 

Mohammadi et al. (2021) observed a decrease in PA content (7-23%) in rice bran when treated 



Chapter 3 

128 
 

with US at different pH values. They attributed this decrease to both the heat generated during 

US treatment and the subsequent chemical degradation of PA. Publication No. 3 confirms these 

results and emphasizes that PA degradation is not only thermal and chemical, but also 

enzymatic, which is favored by US-induced endogenous phytase activity. A reduction in PA was 

observed after all US treatments, with the lowest energy treatments (87 kJ kg-1, 40-41°C) being 

the result of increased phytase activity. It is hypothesized that in medium energy treatments 

(217.5 kJ kg-1, 60-67°C) the PA reduction was the result of the combined effect of activated 

phytase and heat until the time of enzyme inactivation, and then in treatments with the highest 

Ws input (348 kJ kg-1, 72-85°C), the result of high temperature degradation. 

 

3.3.The effect of US and PEF treatment on the water-extractable NSPs of oat and barley 

flour and bran 

In this section, the effects of PEF treatment (Publication No. 4) and US treatment 

(Publication No. 3) on the water-extractable NSPs content and structure of oat and barley flour 

and bran are presented.   

The Mw of β-glucans, monosaccharide composition and FTIR structural analysis of NSPs 

were investigated for samples treated with selected US treatments. Treatments were selected 

using the desirability approach based on the results that achieved the highest β-glucanase 

inactivation and functional properties (water swelling and retention capacity) according to 

Publication No. 3. The overall desirability values for the selected treatments were medium, i.e. 

0.529 for OB and 0.627 for BB. The results presented in Chapter 3 – section 3.3 will be 

incorporated into a research article with the working title "Ultrasound pretreatment of oat and 

barley bran contributes to the β-glucans content and technological properties of flat bread with 

or without sourdough'', which is currently under review.  

The two main NSPs in oats and barley are β-glucans and AXs (Valoppi et al., 1947). The 

FTIR spectra with the characteristic bands of these two NSPs (Figure 3, Publication No. 4 – 

Figure 3), the composition of the neutral monosaccharides (Table 3, Publication No. 3 – Table 

4), the methylation analysis (Publication No. 4 – Table 5), and β-D-glucans and AXs signals on 

the HMQC spectra (Publication No. 4 – Figure 4) proved this.  
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Figure 3. FTIR spectra of the water-soluble polysaccharides isolated from control (C) and 

ultrasound (US)-pretreated oat and barley bran (OB, BB). 
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 Table 3. Molar ratio (%) of monosaccharides and estimated arabinoxylans content (% of the 

cold water-extractable fraction, F1) in the fractions obtained from oat (OB) and barley bran 

(BB) before (C) and after ultrasound pretreatment (US). Results are expressed as 

mean±standard deviation (n=2) 

a–c Values within the same row marked with different letters differ significantly according to 

Tukey’s test (p < 0.05). 

The cell walls of the endosperm consist primarily of β-glucans, which account for about 

70%, with a lower proportion of AXs of about 20%, while AXs predominate in the cell walls 

of the aleurone cells (67-71%) and β-glucans are present to a lesser extent (26%) (Andriotis et 

al., 2016; Izydorczyk and Dexter, 2008). Comparing the results from Publication No. 4 (Table 

2) with the results from Table 4, it can be seen that OB had 2.7-fold and BB 1.5-fold higher 

content of β-glucans than their flour counterparts. The proportion of AXs in the water-

extractable fraction was higher in bran than in flour and higher in barley (in both cases) than in 

oats (Table 3, Supplementary – Table 2, Publication No. 4 – Table 2). It is also important to 

point out that the proportion of AXs in the fraction obtained by extraction with hot water (F2) 

was higher than with cold water (F1), which is consistent with the literature (Cyran et al., 2003). 

The reason for this distribution of AXs and β-glucans, which is on the bran side, is that the 

content of these NSPs in cereals and edible parts of grain depends on genetic and environmental 

factors (Izydorczyk and Dexter, 2008). Another important factors that affect the distribution and 

proportion of NSPs are milling process and grain pearling (debranning). The intensity of 

debranning process before milling significantly influences the composition, i.e. the AXs content 

(Jurkaninová et al., 2024). The milling process has a significant influence on the yield of β-D-

glucans, as these are distributed asymmetrically in the grain, but are mainly concentrated in the 

aleurone layer of the endosperm (Jurkaninová et al., 2024). Oat β-glucans generally have a 

Sample/sugar OB-C BB-C OB-US BB-US 

Fucose 1.59 ± 0.09b 1.36 ± 0.20b 2.72 ± 0.14a 0.94 ± 0.02c 

Arabinose 2.77 ± 0.15c 6.78 ± 0.01a 2.40 ± 0.06c 3.71 ± 0.08b 

Mannose 0.46 ± 0.04b 0.73 ± 0.01a 0.52 ± 0.06b 0.41 ± 0.04b 

Glucose 91.08 ± 0.77a 80.34 ± 0.29b 87.78 ± 3.97a 89.34 ± 0.85a 

Galactose 0.97 ± 0.07b 1.25 ± 0.01a 0.76 ± 0.10b 0.43 ± 0.02c 

Rhamnose 0.36 ± 0.01a 0.35 ± 0.09a 0.36 ± 0.02a 0.35 ± 0.01a 

Xylose 2.41 ± 0.07c 9.19 ± 0.02a 2.93 ± 0.63c 5.14 ± 0.25b 

Total sugars (%) 58.87 ± 0.76b 70.99 ± 2.55a 72.36 ± 1.81a 69.80 ± 2.34a 

Arabinoxylans (%) 5.43 ± 0.26c 15.18 ± 0.02a 4.71 ± 0.13c 8.17 ± 0.31b 
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higher Mw than barley β-glucans (Guleria et al., 2015). In a further comparison of flour and 

bran, β-glucans had a higher Mw in OF (by 22.8%) and BF (17.4%) than those extracted from 

bran. Zheng et al. (2011) also proved a higher Mw for β-D-glucans from BF than from BB. 

Cereal grains are rarely eaten raw, but mostly in the form of bread, the production of which 

involves certain processing steps that can have a negative effect on the structure and β-glucan 

content.  In bread making, the most critical phase is fermentation, the conditions of which are 

ideal for β-glucanase activity, which depolymerizes the β-glucans from the flour or bran, 

resulting in a lower content in the final product, as presented in Chapter 3 – section 2. 

Publications No. 3 and 4 show the successful inactivation of endogenous β-glucanase with US 

and PEF, but the question arises as to how these innovative techniques affect the content and 

structure of β-D-glucans. 

There are a limited number of studies on the effects of US treatment on the yield of extraction 

of β-glucans from cereals. Benito-Román et al. (2013) and Hematian Sourki et al. (2017) 

reported an increased extraction yield of β-glucans from BF by 25% and 4%, respectively. The 

specific energy of ultrasonic cavitation damages the cell walls, which increases the penetration 

of water and leads to the release of polysaccharides. Nevertheless, prolonged US treatment with 

high Ws can have the opposite effect, i.e. the degradation of polysaccharides and a decrease in 

their content (Hematian Sourki et al., 2017). The US treatment of OB (217.5 kJ kg-1) and BB 

(348 kJ kg-1-P) enhanced β-glucan extractability by 12.3% and 11.5%, respectively, compared 

to their controls (untreated bran) (Table 4).  

 Table 4. Total content, solubility, and molecular weight (Mw) of β-glucans in control (C) and 

US-pretreated oat (OB) and barley (BB) bran.  

Results are expressed as mean±standard deviation (n=2) 

a–d Values within the same row marked with different letters differ significantly according to 

Tukey’s test (p < 0.05). 

Sample OB-C BB-C OB-US BB-US 

Total β-glucans (g/100 g d.w.) 
7.45 ± 

0.27b 

4.54 ± 

0.02d 

8.37 ± 

0.34a 

5.06 ± 

0.12c 

Soluble β-glucans (g/100 g d.w.) 
4.03 ± 

0.02b 

1.61 ± 

0.06c 

6.47 ± 

0.11a 

3.81 ± 

0.18b 

Insoluble β-glucans (g/100 g 

d.w.) 

3.42 ± 

0.02a 

2.93 ± 

0.06a 

1.89 ± 

0.11b 

1.25 ± 

0.18c 

Average Mw (×105 g mol-1) 3.02 2.81 2.81 2.20 
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The Mw of BB β-glucans varies between 1.18×105 and 7.55×105 g mol-1 (Zheng et al., 

2011) and between 1.19×105 and 2.3×105 g mol-1 for OB β-glucans (Åman et al., 2004). 

Slightly higher results than those listed have been obtained in this research (Table 2), with 

extraction conditions and measurement methods being some of the factors affecting the results 

obtained. During US treatment, the effect of cavitation (high shear force) on the sample leads 

to the degradation of β-glucans and a decrease in their Mw (Benito-Román et al., 2013). The 

decrease in Mw was positively correlated with the specific energy applied during ultrasonic 

treatment (Benito-Román et al., 2013). The reduction in Mw of β-glucans in BF after US 

treatment with Ws between 109.5 kJ kg-1 and 1169.5 kJ kg-1 ranged between 13% and 43% 

(Benito-Román et al., 2013). Similar results were reported in other studies, in which the Mw of 

β-glucans from BF decreased by 13% after only 4.5 min US treatment (Hematian Sourki et al., 

2017) and the Mw decreased by 58.6% after 10 min US treatment of Poria cocos mushroom 

(Chen et al., 2015).  US treatment of OB and BB resulted in a decrease in the molecular weight 

of β-glucans by 7% and 21.7%, respectively (Table 2). This difference is the result of the applied 

Ws and the US treatment time, which was longer for barley (348 kJ kg-1-P, 36 min) than for 

oats (217.5 kJ kg-1, 7 min).  The β-glucans of oats and barley differ in their structure and 

consequently in a degree of water solubility; OB β-glucans are therefore characterized by a 

higher solubility (27-51%) compared to BB (18-39%) (Gajdošová et al., 2007; Mikkelsen et al., 

2013). The proportion of soluble β-glucans in the total β-glucans of the control OB was 54.1%, 

while this proportion was lower in the control BB and amounted to 33.5% (Table 4). US 

treatment of β-glucans leads to polymer degradation and a significant increase in their solubility 

(Cheng et al., 2010; Duque et al., 2020b), which is of great interest for the bakery industry, 

especially for bread production, as increased solubility of dietary fibers influences the 

functional and technological properties of bran, which is explained in more detail in Chapter 3 

– section 2.4. In the study by (Chen et al., 2015), they observed a remarkable 33.5% increase 

in the water solubility of β-glucans from Poria cocos mushrooms after subjecting it to US 

treatment with an amplitude of 50-60 % for 10 minutes. Similarly, (Vaitkeviciene et al., 2022) 

found that US treatment (at 850 kHz, 1.3 W cm-2, for 20 minutes at 40 °C) increased the water-

soluble fiber content in rice bran by 17.5 %. This improvement in solubility was attributed to 

structural changes and a lower Mw of β-glucans (De Vuyst et al., 2017). The effect of US 

treatment on the solubility of β-glucans depended mainly on the type of bran treated and on the 

Ws, so that the increase in solubility was different in OB and BB, being 31% and 40%, 

respectively, compared to their controls (Table 4). In addition, an increased proportion of 

mannose (24-190%), rhamnose (61-178%) and galactose (16-159%) was found in the F2 
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(Supplementary– Table 2) fraction after US treatment, which indicates an increased solubility 

of other NSPs such as galactomannans, glucomannans, arabinogalactans and xyloglucans 

(Bieniek and Buksa, 2023). 

There are only a few studies on PEF technology for the extraction of polysaccharides, 

mainly from mushrooms (Parniakov et al., 2014; Xue and Farid, 2015) or for the extraction of 

soluble dietary fiber from fruits or legume by-products (Fan et al., 2022; Wang et al., 2023). 

The effects of PEF technology on the extraction of NSPs, especially β-glucans, have not yet 

been sufficiently investigated. PEF-assisted extraction of β-glucans from OF and the mushroom 

Pleurotus pulmonarius was successfully performed, increasing the content of β-glucans in 

ranges of 12-20% and 14-22%, respectively (Duque et al., 2020b; Thikham et al., 2024). The 

extraction ability of PEF is a consequence of the effect of an external electric field on the plant 

tissue, which leads to electroporation of cell membranes and promotes the release of 

intracellular compounds while maintaining the particle size of the raw material (Raso et al., 

2016). Publication No. 4 also confirms earlier studies and shows an increased β-glucans content 

of 33.5% in PEF-treated OF and BF. There is even less information on the effects of PEF 

technology on the β-glucans structure. Available studies indicate the effects of PEF treatment 

on the Mw of various polysaccharides such as corn starch, chitosan, and sugar beet pectin (Han 

et al., 2012; Luo et al., 2010; Ma et al., 2012), showing a depolymerization and decrease in the 

Mw (9-31 %) of these polysaccharides. Treatment with PEF caused a decrease in the Mw of β-

glucans of OF by 9%, while an increase in Mw β-glucans of BF was recorded by 14%. It is 

important to emphasize that in the above studies the isolated polysaccharides were treated with 

PEF, while in Publication No. 4 the raw material was treated, which may be the explanation for 

these different results. 

The comparison of the effects of PEF and US technology on the β-glucans and AXs of oats 

and barley shows that the PEF treatment leads to a higher extraction and a smaller change in 

the Mw of the β-glucans compared to the US treatment. The US treatment also proved to be 

more aggressive for AXs, which decreased by 46% and 13% in the F1 fraction and by 19% and 

15% in the F2 fraction obtained from OB and BB, respectively (Table 3, Supplementary– Table 

2). In contrast, PEF treatment favored the increase of WE-AX by more than 50%, which was 

confirmed by the pronounced signals of AXs structures in the HMQC spectra after PEF 

treatment (Publication No. 3 – Table 4 and Figure 4). Due to the structural functionality of AXs, 

the presence of WE-AXs in bread making leads to a better structured matrix in the dough and 
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ultimately to improved textural properties of the bread (Zhu et al., 2023) (Chapter 3 – section 

2.4 and 4). 

During PEF and US treatment, free radicals are formed, of which the hydroxyl radical -OH 

is thought to be responsible for breaking the glycosidic bonds, which leads to a reduction in 

Mw (Ashokkumar et al., 2007; Luo et al., 2010; Zhang et al., 2023). However, the effect of US 

treatment is based on both mechanical and thermal mechanisms, which have an additional 

degradative effect on exposed molecules, making it a more aggressive treatment in terms of 

NSPs (Zhang et al., 2023). 

 

3.4.The effects of pre-processing on flour and bran functional properties and dough 

rheology 

Publications No. 3 and 4 present the application of US and PEF technology in the processing 

of bran and flour from the perspective of technological quality of oat and barley flat breads.  

The OB and BB, whose mean particle size (531 µm and 514 µm, respectively) was larger than 

that of the flour (231 µm and 295 µm, respectively), were treated with US due to its mechanical 

effect, which leads to a reduction  in particle size and better dispersion of the solids (Zhang et 

al., 2023), which ultimately benefits the technological and functional properties of the bran. 

The US technology has found its application in cereal processing, and current research mainly 

focuses on the direct effects on a single component such as starch and proteins (Ma et al., 2022; 

Qin et al., 2022; Song et al., 2023; Wang et al., 2020; Zhang et al., 2023; Zhang et al., 2016). 

The US treatment has significantly improved the hydration properties of buckwheat flour, corn 

flour, rice flour and whole-grain quinoa flour, such as water retention capacity (WRC) and water 

swelling (WS) (Harasym et al., 2020; Jalali et al., 2020; Vela et al., 2021, 2023; Zhu and Li, 

2019). The treatment of OB and BB with US showed remarkable results, with WRC and WS 

increased by 70-125% and 110-124%, respectively (Publication No. 3 – Table 5). The hydration 

properties of the bran were found to be strongly influenced by the treatment temperature, the 

Ws and the US treatment duration. These results are in line with research findings by Vela et al. 

(2021) and Zhu and Li, (2019), which emphasize the crucial role of temperature in the 

effectiveness of US treatment in hydration properties. Hydration properties depend on the type 

of cereal, particle size and concentration of protein, starch, and dietary fiber (Elleuch et al., 

2011; Godswill Awuchi et al., 2019). In addition, granulation and particle size uniformity play 

a crucial role in determining the functional and technological performance of flours (Vela et al., 
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2021). The observed increase in the hydration properties of bran is attributed to the increased 

dietary fiber solubility as described in this Chapter 3 in the section 2.3. Furtheron, the physical 

disruption of the macrostructure of the bran by the mechanical effects of US, altering the 

particle size distribution and, in particular, increases the proportion of particles in a lower size 

range (Vela et al., 2021). The accumulation of smaller particles and the subsequent increase in 

the exposed surface area of starch granules, which leads to the amylose leaching, along with 

the dissociation of fiber and proteins, increase their water binding sites (Amini et al., 2015; 

Kaur and Gill, 2019; Qin et al., 2022). As a result, water absorption, retention, and solubility 

are improved. Sonication of flour or bran have a significant impact on viscoelastic properties 

of gel (τmax, storage (G') and loss modulus (G''), and complex viscosity). US treatment of rice 

flour results in a stronger gel that makes them more resistant to structure disruption, which is 

associated with increased τmax, but lower viscosity (Vela et al., 2021). The viscoelastic 

properties of the gel of OB and BB depended mainly on Ws, with the parameters τmax, complex 

viscosity and consistency index (K’, K’’) decreasing linearly with Ws increase (Publication No. 

3 - Table 5). The control BB gel had a higher τmax compared to the OB gel. Nevertheless, the 

decrease in gel viscosity and τmax caused by US treatment was more pronounced for BB than 

for OB, suggesting that US-treated BB yields a weaker gel. The explanation lies in the chemical 

composition of the bran, with OB containing more proteins and water-soluble fibers, 

particularly higher molecular weight β-glucans, whose mutual interactions form a more stable 

gel (Liu et al., 2021) than BB (Table 4, Publication No. 3 - Table 1). The different chemical 

composition of the cereals affects how US affects the functional properties of the material. 

Therefore, the differences compared to the results obtained by (Vela et al., 2021) for rice flour 

are explained by a significantly different chemical composition with a low proportion of β-

glucans and a high proportion of insoluble polysaccharides, of which cellulose and 

hemicellulose are the most abundant (Fernando, 2013), compared to OB and BB. Enhanced 

hydration properties and reduced complex viscosity resulting from the US treatment 

synergistically improved the techno-functional properties of OB and BB, contributing 

positively to the quality of flat breads (Chapter 3 - Section 4).  

However, due to its potential to improve the functional properties of flour, the processing 

of oat and barley flour with PEF technology was studied for the first time in Publication No. 4. 

PEF treatment leads to depolymerization of the starch chains and destruction of the amorphous 

and crystalline structure of the starch (Achayuthakan et al., 2023; Han et al., 2012). Such 

damage to the starch structure led to an overall decrease in the pasting viscosity profile of PEF-
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treated wheat and oat flour (Achayuthakan et al., 2023; Duque et al., 2020b). Further 

confirmation of the effects of PEF treatment on starch is a higher breakdown viscosity, which 

together with reduced final and setback viscosity, is associated with damage of the starch 

granules of the flour (Jokinen et al., 2023). The replacement of wheat flour (30%) with PEF-

treated OF or BF resulted in significantly lower peak, cold paste, and setback viscosities 

compared to blend of wheat flour with the control OF and BF (Publication No. 4 - Table 7). 

(Duque et al., 2020b) found that the lower setback viscosity is associated with reduced 

amylopectin retrogradation of PEF-treated oat flour, which may have a positive effect on the 

slowing down the bread staling rate. This is confirmed by the results presented in the Table 7. 

The effects of PEF treatment on the gluten aggregation properties of flours are not 

documented in the available literature. However, Publication No. 4 shows the significant effect 

of PEF technology on Glutopeak parameters. A short peak maximum time (PMT) and a high 

aggregation energy (AGGEN) are Glutopeak parameters that indicate high-quality flours 

(Amoriello et al., 2016). The partial replacement of wheat flour with OF or BF reduced the 

PMT and AGGEN, indicating a weak development of the gluten network due to the presence 

of high dietary fiber content, with insoluble fiber having a particularly disruptive effect. These 

Glutopeak parameters were significantly increased by replacing the control flour with PEF-

treated flour even compared to the wheat control (Publication No. 4 – Table 7). Numerous 

studies have shown that WU-AXs have a negative effect on flour quality, while WE-AXs can 

improve it (Nishitsuji et al., 2020; Saeed et al., 2016). The WE-AXs increase water absorption, 

affect the ability to bind macromolecules by acting as a ''filler'' between starch and protein, and 

form a secondary weaker network, thus supporting the gluten network and contributing to 

dough stability (Courtin and Delcour, 2002; Zhu et al., 2023). Publication No. 4 (Table 3 and 

4) shows an increased proportion of WE-AXs and a lower Mw of OF β-glucans, which may 

have contributed to a better development of the gluten network. 

Overall, Publications 3 and 4 describe US and PEF technologies as promising 

alternative methods for processing flour and bran. These techniques have different effects on 

their biopolymers and improve four/bran functional properties as well as the rheological 

properties of the dough. 
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3.5.The effects of pre-processing on sourdough fermentation of oat and barley flour and 

bran 

To test the efficacy of inactivated β-glucanase with US treatment on the retention of β-

glucans during sourdough fermentation, the fermentation of US-treated OB and BB and the 

acidification rate of these treated materials were investigated (Unpublished data). 

Comparing the results of acidification rate and TTA from Table 5 and Publication No. 2 (Figure 

1, Tables 3 and 4), OF and BF had a greater acidification power than bran.  On the other hand, 

barley had a higher acidification power than oats in both cases. It is important to emphasize that 

the sourdough fermentation conditions for flour and bran were different, with the flour being 

fermented with starter LIVENDO LV1, dough yield (DY) 300, at 30°C for 24 h (Publication 

No. 2), while the bran was fermented with starter LIVENDO LV4, DY 667, at 30°C for 24 h. 

The pH changes during the 24-h sourdough fermentation were well fitted to the Gompertz 

model in the case of both the flour and the bran (Figure 4, Publication No. 2 – Figure 1). The 

maximum acidification rate (µmax) of OF was only 16% higher than that of OB, while this 

difference was much more pronounced for BF which µmax was 213% higher than that of BB. 

Likewise, TTA was 65% higher in OF and 178% in BF in relation to bran.  

 

Figure 4. Acidification kinetics fitted to the Gompertz model for control (C) and ultrasonically 

pretreated (US) oat (OB) and barley (BB) bran. 
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Table 5. The parameters of acidification kinetics during 24 h of fermentation according to the 

Gompertz model, colony forming units (CFU) of LAB and yeast, pH value at the end of 

fermentation, total acidity (TTA), and total β-glucans content of sourdough. 

Sample/ parameter OB-C-SD BB-C-SD OB-US-SD BB-US-SD 

µmax (h
-1) 0.10 ± 0.01a 0.11 ± 0.01a 0.13± 0.01a 0.09 ± 0.00b 

A (dpH) 2.04 ± 0.02b 1.75 ± 0.02c 2.23 ± 0.03a 1.77 ± 0.01c 

R2 0.996 0.989 0.973 0.996 

Time (h) 14.5 18 14.5 23 

LAB (CFU/g) 1.63×109 1.42×108 1.23×109 4.35×108 

Yeast (CFU/g) 1.77 × 106 1.54 × 106 6.15 × 106 1.75 × 106 

pH 3.98 ± 0.13a 3.90 ± 0.04a 3.93 ± 0.16a 3.95 ± 0.08a 

TTA (mL 0.1 M 

NaOH) 
3.85 ± 0.42b 2.11 ± 0.15c 5.81 ± 0.28a 2.25 ± 0.31c 

β-glucans (g/100 g 

d.w.) 
5.40 ± 0.32b 3.00 ± 0.1d 7.96 ± 0.41a 4.71 ± 0.1c 

Results are expressed as mean±standard deviation (n=2) 

a–d Values within the same row marked with different letters differ significantly according to 

Tukey’s test (p < 0.05) 

OB – oat bran; BB – barley bran; C – control; US – ultrasound pretreated; SD – sourdough. 

µmax – maximum acidification rate; A – difference in pH (units) 

 

The US technology improves the traditional processing of cereal- and pseudocereal-

based foods, including germination, milling, fermentation, and cooking, while improving the 

functionality of their by-products (Estivi et al., 2022; Fărcaș et al., 2022; Yüksel and Elgün, 

2020). In this dissertation, however, the use of US as a pre-treatment prior to sourdough 

fermentation was investigated for the first time. The results showed that the interaction between 

the type of bran and the US pre-treatment influences the pH drop and the acidification rate 

during sourdough fermentation. The US treatment slightly slowed the acidification rate of BB, 

possibly due to reduced α-amylase activity. Similarly, PEF treatment slowed down the 

acidification rate of OF (by 12.5%), while it had no effect on BF (Figure 5, Table 3). This was 

the result of reduced α-amylase activity (by 78%) after PEF treatment of OF (Publication No. 

4).  
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Figure 5. Acidification kinetics fitted to the Gompertz model for control (C) and pulsed 

electric field pretreated (PEF) oat (OF) and barley (BF) bran. 

 

The optimum sourdough pH for bread making is 4 and is reached in 6 to 24 h at 25°C 

to 35°C (De Vuyst and Neysens, 2005). The BB required 18 h to reach a stable pH (extended 

to 23 h after US treatment), while OB required 14.5 h in both cases. Despite lower LAB counts 

in barley sourdough than in oat sourdough (Table 5), the viable LAB and yeast cell counts at 

the end of fermentation were typical of mature sourdough (De Vuyst et al., 2017). After US 

pretreatment, the TTA of the OB sourdough increased by 51% compared to the control and by 

158-175% compared to the sourdough from control and US-pretreated BB (Table 5). This 

increase brought the TTA values close to the values achieved after a longer fermentation time 

(48 h) as reported by Sahin et al. (2021), although the fermentation time in this dissertation was 

much shorter due to the US pretreatment. In the control samples, the total β-glucan content in 

OB and BB was maintained at 66-71% compared to pre-fermentation values, while it was 93-

95% in the samples pre-treated with US. 

Although control BB had lower β-glucanase activity compared to OB (Publication No. 

3 – Figure 1), prolonged fermentation resulted in greater degradation of barley β-glucans (Table 

5), which was favored by ideal sourdough fermentation conditions for β-glucanase activity. The 

US treatment increased the extractability of β-glucans and decreased β-glucanase activity in 
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both OB and BB, resulting in a higher total β-glucan content in sourdough compared to those 

from the control bran (by 47.5% in OB and 56.7% in BB sourdough). Previous studies indicated 

that the β-glucan content in OB did not change significantly during fermentation with rye 

sourdough, but the Mw decreased due to endogenous β-glucanase activity (Degutyte-Fomins et 

al., 2002). Heat or microwave treatment preserved the β-glucan content in oats and oat-based 

products by inactivating the endogenous β-glucanase (Lu et al., 2019; Pérez-Quirce et al., 

2017). To preserve this nutrient from negative changes during fermentation, US treatment has 

proven to be effective. 

 

3.6. Nutritional, physical, and sensory properties of flat breads with oat and barley 

ingredients preprocessed with innovative technologies 

The influence of innovative (US and PEF) on the nutritional, physical and sensory 

properties of flat bread are presented in Table 6, Figure 5, and Publications No. 4. The addition 

of OF, BF, OB and/or BB to bread leads to an increased content of β-glucans but also PA. 

Replacing 10% of semi-refined wheat flour with OB or BB, native or pretreated, or their 

sourdough significantly increased the β-D-glucans content of flat breads (Table 6). Enrichment 

was significantly higher with OB compared to BB, and the same trend was observed after US 

pretreatment, but relatively lower after sourdough fermentation. The flat breads from US-

treated OB and BB had 25-35% and 47-65% higher β-glucans content compared to flat breads 

from control OB and BB, respectively (Table 6). The most significant enrichment was achieved 

by replacing wheat flour with US-treated OB (182%), the lowest by sourdough from untreated 

BB (only 28%). The increase in the content of β-glucans in the flat bread corresponded to that 

of the raw material, which was confirmed by a strong positive correlation (r=0.966, p=0.03) 

between the content of β-glucans in the bread and in the sourdough. Nevertheless, 280-288 g 

of oat flat bread or 340-390 g of barley flat bread made from US-treated bran (fermented or 

not) could provide the recommended daily β-glucans intake of 3 g. 

The addition of control or US-pretreated OB or BB resulted in a slight increase (8-11%) in 

the specific volume compared to the wheat control flat bread (Table 6).  However, the specific 

volume of the composite flat breads was affected by both the type of bran (p=0.049) and the 

addition of sourdough (p<0.01). These results are consistent with the study by Lee et al. (2020), 

in which wheat bread enriched with 5-10% wheat bran showed a slightly increased specific 

volume, while a proportion of more than 15% resulted in a lower specific volume compared to 
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the wheat control. In addition, Tiwari et al. (2013) found that a bread of acceptable quality can 

be produced when 30% of the wheat flour is replaced by OB, although the specific volume 

decreases significantly. The specific volume of the bread is influenced by gas retention, which 

is increased during sourdough fermentation due to the increased solubility of dietary fiber, 

especially WE-AXs, as emphasized by Verdonck et al. (2023). The favorable ratio of soluble to 

insoluble fiber in the bran (40% in BB and 50% in OB) (Publication No. 3 – Table 1) probably 

contributed to maintaining bread volume. The US treatment leads to an increase in the solubility 

of biopolymers, i.e. fibers such as β-glucans and AXs (Du et al., 2019). The increased values of 

WSC and WRC after the US treatment (Publication No. 3 – Table 5) indicate that the US 

treatment further improved the ratio of soluble and insoluble fibers, but sourdough fermentation 

also contributes in the same way. The increased solubility of dietary fiber after the US treatment, 

already described in this Chapter 3 – section 2.3, is evident from the increased content of 

soluble β-glucans in both bran types (Table 3). The increased specific volume of the flat breads 

with OB/BB sourdough, where the amount of sourdough was added to the mixture so that the 

added bran represented 10% of the weight of the wheat flour, contrasts with the results from 

Publication No. 2 (Figure 3). In Publication No. 2 the proportion of 30% and 50% of added 

oat/barley sourdough (dough weight) means the replacement of 18% and 30% of the wheat 

flour with oat or barley flour/bran blend, respectively. A higher proportion of oats or barley 

leads to a higher dietary fiber content, which limits the proper development of the gluten 

network, as described in Chapter 3 – section 2. 

In previous studies, US treatment of rice flour resulted in bread with a higher specific 

volume of 17.6-24% compared to the control with untreated flour, probably due to the partial 

depolymerization of the starch, which leads to improved fermentation and higher production 

and retention of CO2 (Qin et al., 2022; Vela et al., 2021). Previous studies, such as those by De 

Vuyst et al. (2017) and Martín-Garcia et al. (2023), have highlighted the increased specific 

volume of sourdough-based bread with bran compared to yeast-control bread. Similarly, 

(Pontonio et al., 2020) observed a considerable increase in the specific volume of wheat bread 

by 15-25% when sourdough from barley, wheat or emmer bran was used. In this dissertation, 

the specific volume of flat breads with sourdough, control or US-pretreated OB and BB 

increased significantly by 12-23% and thus even exceeded the specific volume of the wheat 

control bread (Table 6). 

The addition of OB slightly darkened the bread color, while BB significantly changed the 

total color difference (TCD) (1.5 < TCD < 3) compared to the control wheat bread. The presence 
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of pigments in the cereal bran, such as chlorophyll and carotene, contributes to this darkening 

effect (Hu et al., 2022). Interestingly, OB or BB that underwent US-pretreatment and/or 

sourdough fermentation resulted in a very distinct TCD (>3). The sourdough flat breads 

appeared lighter and less yellow compared to the control, possibly due to the fact that the lower 

sugar content and pH inhibited the activity of PPO, which is responsible for the darkening of 

the dough. PPO, which is mainly found in cereal bran, catalyzes the oxidation of phenolic 

compounds, resulting in the brown pigment melanin (Liu et al., 2019; Olaerts et al., 2018). 

Nevertheless, the color formation of bread during baking is mainly based on Maillard reactions 

between amino acids and reducing sugars (Olaerts et al., 2018). Sourdough fermentation creates 

an acidic environment that limits the availability of amino acids and reduces the sugar content, 

thereby suppressing the Maillard reaction (Limbad et al., 2020). The addition of US-pretreated 

bran further increased TCD, possibly by reducing α-amylase and/or PPO activity. 
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Table 6. Physico-chemical properties of composite flat breads depending on the pretreatment 

compared to the control wheat bread 

Appearanc

e 

Sampl

e 

Dry 

matter 

(g/100g

) 

Total 

β-

glucan

s 

(g/100 

g d.w.) 

Specifi

c 

volum

e 

(cm3/g) 

Sprea

d 

ratio 

Lightnes

s L* 

Yellownes

s b* 

TC

D 

 

FB-C 
60.63 ± 

4.42a 

0.60 ± 

0.01d 

2.34 ± 

0.20b 

18.27 

± 

0.72bc 

47.06 ± 

0.35bc 

7.54 ± 

0.41b 
n.a. 

 

FB-

OB 

60.70 ± 

3.20a 

1.35 ± 

0.06b 

2.60 ± 

0.10ab 

20.68 

± 

0.23ab 

46.69 ± 

0.44c 

7.13 ± 

0.25b 
0.44 

 

FB-

OB-

US 

61.67 ± 

5.80a 

1.69 ± 

0.04a 

2.39 ± 

0.26b 

16.66 

± 

0.73c 

49.86 ± 

2.15b 

16.13 ± 

0.79a 
7.09 

 

FB-

OB-

SD 

63.31 ± 

4.56a 

1.22 ± 

0.06b 

2.75 ± 

0.19a 

19.31 

± 

0.97b 

53.54 ± 

0.66a 

3.10 ± 

0.47c 
7.88 

 

FB-

OB-

US-SD 

64.81 ± 

5.41a 

1.65 ± 

0.06a 

2.62 ± 

0.06ab 

22.13 

± 

1.34a 

55.22 ± 

1.42a 

3.98 ± 

0.84c 
8.94 

 

FB-BB 
62.96 ± 

7.41a 

0.94 ± 

0.03c 

2.55 ± 

0.10ab 

20.98 

± 

0.57ab 

44.95 ± 

0.1c 

6.22 ± 

0.12b 
2.38 

 

FB-

BB-

US 

60.34 ± 

6.12a 

1.38 ± 

0.03b 

2.53 ± 

0.08ab 

16.73 

± 

0.59c 

46.43 ± 

0.92c 

14.47 ± 

1.22a 9.41 

 

FB-

BB-

SD 

63.02 ± 

6.18a 

0.77 ± 

0.01c 

2.87 ± 

0.06a 

20.74 

± 

0.71ab 

54.72 ± 

0.14a 

3.65 ± 

0.03c 
8.64 

 

FB-

BB-

US-SD 

60.87 ± 

6.18a 

1.27 ± 

0.07b 

2.85 ± 

0.10a 

20.18 

± 

0.44ab 

56.19 ± 

1.72a 

4.62 ± 

1.22c 
9.64 

Results are expressed as mean±standard deviation (n=3) 

FB – flat bread; C – control wheat; BB – barley bran; OB – oat bran; SD – sourdough; US – 

ultrasound pretreated; TCD – total color difference 

n.a – not applicable  

a-d Values within the same column marked with different letters differ significantly according 

to Tukey’s test (p < 0.05) 
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Flat bread enriched with control OB and BB exhibited higher hardness (16-64%) and 

chewiness (28-46%) compared to the control wheat bread (Figure 6). Similarly, Tiwati et al. 

(2016) demonstrated a significant increase in bread hardness of 303-567% after replacing wheat 

flour with 50% and 70% OB. On the other hand, US pretreatment and sourdough fermentation 

have been shown to be techniques that can overcome these problems associated with enriching 

wheat bread with whole grain flours. As Ma et al. (2022) stated, pregelatinized starch can 

improve textural properties by reducing the hardness and chewiness of the bread while 

increasing cohesiveness, as it has a higher water retention capacity and thus improves the 

overall water content of the bread. In addition, the cavitation that occurs during the US 

treatment, combined with temperatures of 67°C or 72°C towards the end of the treatment, 

triggers pregelatinization of the starch. Vela et al. (2023) reported that the bread made with a 

US treated (20 min, on-off pulse of 80%, 20°C, 22 mm probe diameter) rice flour-water 

suspension (25%) had significantly lower crumb hardness (23%) and chewiness (16%). 

Similarly, Jalali et al. (2020) found that US-pregelatinized corn flour significantly reduced 

(53%) the crumb hardness of gluten-free bread. Cohesiveness was primarily affected by the 

bran type (p=0.03) and the interaction between sourdough and US pretreatment (p=0.02). It was 

significantly higher in barley-containing flat breads than in oat-containing flat breads or after 

US pretreatment or sourdough fermentation individually. After the addition of sourdough, 

chewiness decreased by 51-57% in both barley and oat flat bread, while hardness decreased by 

18% only in oat flat bread and cohesiveness increased by 8-11 % (Figure 6). These results differ 

from those in Publication No. 2 (Figure 3), although the reasons for this are like the 

discrepancies observed in the bread specific volume. The reduction in the hardness or chewiness 

of oat flat bread was more pronounced with US pretreatment than with sourdough fermentation. 

The positive effect of US pretreatment prior to sourdough fermentation was particularly evident 

in composite wheat-oat flat bread, which showed a 27% reduction in hardness and a 20% 

reduction in chewiness compared to flat bread made with sourdough from untreated OB. Flat 

bread with US treated OB or BB exhibited lower hardness (17-48%) and chewiness (52-66%) 

and higher cohesiveness (16-18%) compared to the wheat control flat bread. This improvement 

could be due to the increased solubility of β-glucans and the improved water swelling (42-48%) 

and retention (44-59%) of OB and BB, as previously mentioned (Publication No. 3 – Table 5). 



Chapter 3 

145 
 

 

Figure 6. Textural properties of composite flat breads compared to wheat control 

FB – flat bread; C – control wheat; BB – barley bran; OB – oat bran; SD – sourdough; US 

– ultrasound treated; a–e Values marked with different letters differ significantly according 

to Tukey’s test (p < 0.05) 

 

The influence of the 30% substitution of semi-refined wheat flour with control and PEF-

treated OF and BF was also reflected in the nutritional and physical properties of the bread, 

which is presented in Publication No. 4. It has been shown that the supplementation of 

wheat flour with OF in a ratio of 5-25% leads to an increase in the proportion of β-glucans 

in wheat bread by 52-254% and TDF by 48-72% (Astiz et al., 2023), while the addition of 

OF from the black oat varieties in a ratio of 3-9% leads to an increase in the β-glucans 

content of wheat bread by 100-143% (Ivanišová et al., 2023). Replacing wheat flour with 

40% or 60% of BB also results to a significant increase in β-glucans by 160% and TDF by 

67% and 310%, respectively, compared to wheat control bread (Pejcz et al., 2017). These 

authors have also shown that the addition or replacement of wheat flour with OF or BF 

results in bread with lower specific volume and impaired textural properties, i.e. higher 

crumb hardness and chewiness. 

Replacing 30% of semi-refined wheat flour with OF resulted in flat breads that showed 

a remarkable increase in β-glucans content by 557% and TDF by 54%. Replacing wheat 

flour with BB also resulted in flat breads with significantly increased TDF content (159%) 

and a considerable, albeit slightly lower, increase in β-glucans content (194%) (Publication 
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No. 4 - Table 8). As a result of the partial inactivation of β-glucanase and the improved 

extractability of β-glucans, flat breads made from PEF-treated OF and BF showed an 

additional increase in β-glucans content (21% and 31%, respectively) compared to flat 

breads made from control flour. Consequently, these flat breads had significantly higher 

levels of β-glucans, with increases of 694% and 289%, respectively, compared to the wheat 

control flat bread (Publication No. 4 – Table 8). In flat breads made from US-pretreated 

bran or PEF-pretreated flour, the content of β-glucans increased as a result of the extraction 

of β-glucans, but also of partially inactivated β-glucanase, compared to flat breads made 

from untreated flour/ bran before bread making, where the content of β-glucans decreased. 

Consumption of 2 slices of oat flat bread and 3 slices of barley flat bread made from PEF-

treated OF and BF can provide a one third of the recommended daily β-glucans intake of 3 

g, as was the case with the flat breads made from only 10% OB and BB flour and 90% 

wheat flour or those made from oat retarded dough with 50% sourdough. The application 

of the PEF treatment did not result in a significant difference in TDF content. According to 

the results, flat breads enriched with oat flour could be classified as "source of dietary 

fiber"," while those with barley flour could be described as "high in dietary fiber".  

As already described, substituting 10% of the wheat flour with OB or BB slightly 

increased the specific volume of the flat breads (Table 6). However, when 30% of the wheat 

flour was replaced by OF or BF, a decrease in specific volume was observed and a higher 

spread ration compared to the control wheat flat bread (Publication No. 4 – Table 8). The 

specific volume was influenced by the interaction between the type of flour and the 

application of the PEF treatment. A control wheat flat bread had a higher value, followed 

by a control oat and barley composite flat bread and a PEF-rated oat and barley composite 

flat bread (3.14, 2.53, 2.38, 2.25- and 1.82 mL g-1, respectively) (Supplementary – Figure 

4, Publication No. 4 – Table 8).  The differences in specific volume can be attributed to the 

increased β-glucan content in these composite flat breads. Since soluble dietary fibers can 

promote the development of the gluten network and the specific volume of the bread, their 

presence in high concentrations can have the opposite effect. The increased dietary fiber 

content of BF and OF dilutes the gluten and impairs its structural integrity. The β-glucan, a 

soluble fraction of dietary fiber, hinders gas retention by interacting with the gluten network.  

Its water-binding properties hinder the formation of the gluten network, resulting in an 

underdeveloped gluten structure and a lower specific volume (Courtin and Delcour, 2002; 

Gamel et al., 2015; Wang et al., 2018). In addition, both the concentration and the molecular 
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weight of β-glucans significantly influence the specific volume of the bread (Skendi et al., 

2010). In addition to β-glucans, the presence of WU-AXs represents a barrier to the proper 

development of the gluten network, which in turn leads to a lower bread specific volume 

(Courtin and Delcour, 2002). The WU-AX ensures that the protein network develops to bind 

the gas produced during fermentation and ensure sufficient stability for the baking phase 

(Ahmed and Thomas, 2015). Although the proportion of WE-AX increased significantly by 

56% for BF and 68% for OF after PEF treatment (Publication No. 4 – Table 4), a 

significantly lower specific volume of the flat breads was observed compared to flat breads 

from control flour samples. According to the study by Zhang et al. (2023), the specific 

volume of bread increased by 3.6-4% after the addition of WE-AXs (2.3-3.5%), which 

ultimately led to a lower crumb hardness, but the addition of a higher AXs concentration of 

5% led to the disruption of the dough structure and ultimately to the lower bread volume 

and higher crumb hardness. It is therefore possible that the increase in WE-AXs after the 

PEF treatment was too high and ultimately led to a disruption of the gluten network. Another 

possible explanation for this is the shortened PMT Glutopeak parameter (Publication No. 4 

– Table 7), which indicates the time required for the gluten network to develop. Therefore, 

a longer mixing time is required after the addition of PEF-treated flour so that the gluten 

network can develop properly, and the flat bread has a greater specific volume.  

The addition of control OF did not lead to any significant changes in the textural 

properties (crumb hardness, chewiness, cohesiveness, and resilience) of the bread, while the 

addition of BF significantly reduced these properties compared to the control wheat flat 

bread. This pattern persisted after the PEF treatment, which further decreased all textural 

properties of the barley flat bread. Although the replacement of wheat flour with OF or BF 

was expected to increase hardness and chewiness, minimal changes in the case of OF 

addition and a decrease in these parameters with the BF addition were recorded (Publication 

No. 4 – Table 8). This trend continued after the PEF treatment, which led to a further 

reduction in all the textural properties of the barley flat bread. Just as the US-pretreated OB 

and BB improved the textural properties of the flat breads (Table 6), the PEF-treated OF 

and BF also significantly reduced the textural properties of flat breads (Publication No. 4 – 

Table 8). As with US-pretreated bran, such results are attributed to water-soluble fibers, i.e. 

β-glucans, which form gels with a soft structure and consequently make the bread crumb 

less hard and chewy (Andrzej et al., 2020). The textural properties during the 96-h storage 

of oat and barley flat breads at 20 ± 2 °C are shown in the Figure 7 and Table 7. The initial 
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hardness of control oat flat breads was slightly higher than that of the other flat breads. All 

flat breads showed a sudden initial decrease in hardness after 24 h of storage, but also an 

increase after 48 h (Figure 7a). The cohesiveness and resilience of all flat breads decreased 

continuously, but not significantly, over time (Figure 7b and 7c). The setback viscosity 

indicates the retrogradation tendency of the amylose in the starch paste and correlates with 

the texture of different foods (Achayuthakan et al., 2023). The hardening effect of flat 

breads was more pronounced in flat breads made from control OF and BF, which is evident 

from the difference in hardness after 96 h of storage (Table 7), also PEF-treated flour had a 

lower SV compared to the control OF and BF (Publication No. 4 – Table 7). Therefore, PEF 

treatment is considered beneficial for improving product quality, as retrogradation usually 

leads to quality deterioration characterized by syneresis or increased hardness 

(Achayuthakan et al., 2023). Hardening during the 96-h storage of barley flat bread could 

be adapted to the Avrami model (Table 7), which was not the case for oat flat breads, 

especially those made from PEF-treated OF. 
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Figure 7. Hardness, cohesiveness, and resilience of oat and barley flat bread during storage 

at 20 ± 2 °C for 0 – 96 h 

Results are expressed as mean±standard deviation (n=3) 

a-c Values marked with different letters differ significantly according to Tukey's test (p < 

0.05). 
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Table 7. Calculated kinetics parameters from TPA measurements of flat breads made from 

control and PEF-treated oat and barley flour 

Sample k n R2 p 
d(hardness, 96-

24h), N 

d(hardness, 96-0h), 

N 

Oat-ctrl <0.001 3.72 0.81 <0.001 7.65 -14.79 

Oat-PEF 7.70 19.40 0.00 <0.001 0.05 -14.47 

Barley-

ctrl 
<0.001 3.22 0.99 <0.001 12.21 -3.59 

Barley-

PEF 
<0.001 3.00 0.98 0.09 8.59 -9.91 

k – rate constant; n – Avrami exponent; d(hardness) – difference in hardness between 96h and 

24h and 0h 

Replacing wheat flour with control and PEF-treated OF and BF resulted in minimal 

differences in flat bread color (TCD<1.5) compared to wheat control flat bread (Publication 

No. 4 – Table 8).  Sensory analyzes of control flat breads and flat breads with PEF-treated 

flour, were carried out in the sensory laboratory of the Faculty of Food Technology and 

Biotechnoloy (PBF), according to ISO 6658:2017. Hedonic acceptability test and ranking 

according to preferences was conducted on 42 participants (34 women and 8 men, age 21-

64), employees of PBF. The procedure described by (Aldughpassi et al., 2021), was used to 

estimate gluten flat bread. Testers indicated how much they liked or disliked each flat bread 

sample on a 9-point hedonic scale, also known as a liking scale. The scale ranged from 1 

'extremely dislike' to 9 'extremely like'. Flat breads made from PEF-treated OF and BF were 

equally well accepted according to the sensory hedonic acceptability score (Table 8). The 

preference ranking test showed that consumers preferred oat over barley flat breads and 

PEF-treated oat flat breads over its control, while there was no difference in preference for 

barley flat breads (Figure 8). Thes results indicate that PEF-treated flours can be used to 

produce flat breads without a significant difference compared to the control flat breads. 

 

Table 8. Scores for individual sensory parameters and overall acceptability of flat breads 

Sample Appearance Odor Flavor Texture Overall 

Oat control 7.64 ± 1.53a 7.31 ± 1.73a 7.33 ± 1.86a 7.55 ± 1.56a 7.38 ± 1.64a 

Barley 

control 
7.12 ± 1.56a 6.76 ± 1.78a 6.57 ± 1.68a 6.90 ± 1.66a 6.90 ± 1.49a 

Oat-PEF 7.81 ± 1.44a 7.45 ± 1.55a 7.76 ± 1.64a 7.86 ± 1.56a 7.74 ± 1.56a 

Barley-PEF 6.93 ± 1.74a 6.81 ± 1.35a 7.10 ± 1.56a 7.36 ± 1.50a 7.12 ± 1.47a 
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      Figure 8. Ranking of flat breads by preference.
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• Among Croatian flat bread products, single-layer flat bread predominates, with the 

various types of pogacha being the most common type. Refined wheat flour is used as 

the main ingredient, which is why Croatian flat breads have a low fiber content (only 

2.9 g/100g on average). Other flours used are corn and rye, whereas oat- or barley-

containing breads are not present at the Croatian market. Most of the Croatian flat breads 

are yeast-leavened. Croatian flat breads have received various national and European 

quality recognitions such as European protected geographical indication (poljički 

soparnik and zagorski mlinci) an "Intangible Cultural Good" (Pogacha z oreji), or the 

"Croatian Quality" label (pogacha). 

• The majority of Croatian consumers (56%) prefer to eat conventional bread, with 37% 

of them consuming bread every day. The majority of consumers (70-94%) is interested 

in flat bread with improved nutritive value, mostly enriched in fiber (β-glucans), and 

the majority (62-67%) is interested in flat bread enriched with oats or barley.  

•  Bran contains significantly higher levels of dietary fiber (71-166%), β-glucans (45-

165%), total phenolic content (66-189%), and all minerals (10-65%) compared to flour. 

Barley flour is richer in minerals and β-glucans than oat flour and has twice the dietary 

fiber and phenolic content. However, the opposite is true for bran.Enriching wheat flat 

bread with oat and barley flour or bran has a positive effect on the nutritional value, but 

has a detrimental effect on the physical properties. The partial substitution of wheat flour 

with oat and barley bran considerably diminishes the textural properties of flat bread by 

increasing its hardness (16-64%) and chewiness (28-46%). On the other hand, the partial 

replacement of wheat flour with oat and barley flour leads to a significant reduction in 

the specific volume (19-24%) and an increase in the crumb hardness (11-23%) of the 

flat bread. These shortcomings can be improved by using traditional (sourdough 

fermentation) and innovative (US and PEF) techniques.  

• The OF has a low acidifying capacity when fermented with a commercial starter. Partial 

replacement of OF with OB (in a ratio of 3:1) increases (46%) the acidification rate of 

its sourdough. The higher addition (50% vs. 30% of dough weight) of oat or barley 

sourdough contributes to a higher β-glucan content in composite flat bread. The delayed 

fermentation (retardation at 2 °C, 24h) reduces the content of phytic acid (27-38%), but 

also promotes the degradation of β-glucans (4-28%). Yet, the lower sourdough addition 

(30% vs. 50% of dough weight) results in a more desirable bread volume and texture. 
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• Sourdough as a clean label ingredient in bread production successfully slows down (36-

79%) the enzymatic darkening of the dough during the retardation process and prolongs 

its shelf life at temperatures of 0-4 °C. 

• The US treatment of oat or barley water-bran suspensions (15%) with a higher Ws 

(217.5 kJ kg-1 and 348 kJ kg-1) leads to longer treatment times (7.8-13.4 min) and higher 

final temperatures (65-85°C). Conversely, the pulsation mode extends the treatment 

time but lowers the final temperatures with the same Ws. The setting of the Ws and the 

pulsation mode during US treatment has a significant influence on the enzyme and 

antioxidant activities, the PA concentration, the TPC as well as the rheological and 

hydration properties of OB and BB.  

• The highest Ws during US treatment (348 kJ kg-1) causes the most significant reduction 

in β-glucanase activity (by 82% and 55%) and increase in hydration properties i.e., WS 

(by 42-48 %) and WRC (by 44-59 %) of OB and BB. Medium Ws (217.5 kJ kg-1) in 

pulsating mode effectively reduces PA content (by 17% and 39%), while the lowest 

specific energy input (87 kJ kg-1) activates endogenous phytase in OB and BB (by 40-

44%). Elevated temperatures (above 85°C) developed during US treatment have a 

detrimental effect on the TPC and antioxidant activity (DPPH and FRAP).  

• The US treatment of OB and BB increases the total β-glucan content by 12%, water 

solubility by 31-40% while reduces its Mw by 7-22%. As a pre-treatment before 

sourdough fermentation, US increases the acidification power of OB, but has the 

opposite effect on BB. Replacing 10% of the wheat flour with US pretreated and/or 

fermented OB or BB improves the specific volume, color, and textural properties of the 

flat bread compared to the wheat control flat bread and flat bread with 10% of untreated 

OB or BB. Flat breads with US-treated (fermented or non-fermented) OB and BB have 

a 25-65% higher content of β-glucans compared to flat breads with untreated OB and 

BB or even 112-182% compared to common wheat bread.  

• Hence, US pretreatment of OB and BB can be recommended to reduce the content of 

antinutrients, to successfully inactivate β-glucanase and prevent β-glucans degradation 

during fermentation and bread making steps, while enable the production of bread with 

higher specific volume and improved crumb texture.  

• The inactivation of β-glucanase of BF and OF by PEF technology depends on EFI and 

the Ws, with the highest inactivation (by 40% and 77%, respectively) can be achieved 

at 12 kV cm-1, 162 ms and 4.5-5.5 kJ kg-1. PEF treatment improves the extractability of 
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β-glucans by 33.5% with minimal changes in Mw, but also increases the WE-AXs 

content (56-68%), which together help to strengthen the gluten network of the dough.  

• Compared to untreated flours, the addition of PEF-pretreated OF or BF increases β-

glucans content (21-32%) of flat bread while does not affect consumers acceptance. In 

addition, it slows down the hardening of the flat breads during the storage at 20°C for 

96 h. Hence, the use of PEF-treated flours in bread making is promising for improving 

the nutritive value of flat bread; yet it is very important to adapt the bread making 

process to preserve product technological quality. 

• The use of sourdough as a traditional method of bread making is simple and improves 

bread quality but has a negative effect on the content of β-glucans. In contrast, 

innovative techniques such as US and PEF increase β-glucans content in processed 

ingredients and preserve it during bread making but require expensive equipment and a 

better understanding of process parameters. To achieve the enzyme activity reduction of 

the PEF technique, the US technique requires higher energy input, longer treatment 

times, higher temperatures and lower sample-water suspension concentrations. 

Although the US process consumes more energy and has a lower production capacity, 

the aggressive cavitation and mechanical effects change the structure of biopolymers 

and reduce the particle size, which improves the functional properties of the bran for the 

bakery industry.
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Table 1. Total acidity (TTA, mL 0.1 M NaOH), pH value at the end of 24 h fermentation, and 

the acidification kinetics according to Gompertz model depending on the sourdough 

fermentation conditions 

Substrate/ 

starter 
DY 

Temp 

(°C) 
pH 

TTA 

(mL 0.1 

M 

NaOH) 

µmax 

(h-1) 

A 

(dpH) 
𝝀 (h) 

Ti 

(h) 

p-

Value 
R2 

Oat flour / 

LV4 
200 22 4.47 n.d. 0.081 1.97 4.24 13.1 <0.001 0.997 

Oat flour / 

LV4 
300 22 4.84 6.88 0.056 1.55 5.48 15.6 <0.001 0.994 

Barley flour 

/ LV4 
200 22 4.27 n.d. 0.099 3.53 9.39 22.4 <0.001 0.995 

Barley flour 

/ LV4 
300 22 4.11 9.60 0.103 2.05 8.25 15.6 <0.001 0.990 

Oat flour / 

LV1 
300 22 5.03 3.50 0.057 0.98 7.42 56.4 0.304 0.907 

Barley flour 

/ LV1 
300 22 4.19 8.00 0.159 1.38 10.38 13.6 <0.001 0.986 

Oat 

flour&bran/ 

LV1 

300 22 3.98 6.85 0.103 2.94 0.98 11.5 <0.001 0.989 

Barley 

flour&bran/ 

LV1 

300 22 3.97 6.78 0.288 1.76 19.27 44.7 <0.001 0.936 

DY – dough yield; TTA – total titratable acidity; µmax – maximum acidification rate; A – 

difference in pH (units); 𝜆 – lag phase; Ti – time to reach µmax 
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Figure 1. Acidification kinetics fitted to the Gompertz model a) for oat and barley flour 

depending on dough yield (DY=200 or 300, LV4 starter, 22°C); b) for oat and barley flour at 

two different temperatures (DY=300, LV1); c) for mixture of oat/barley flour and bran at two 

different temperatures (DY=300, LV1 starter). DY – dough yield 
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Figure 2. Average nutritional composition of 39 types of gluten-containing flat breads on the 

Croatian market. a) calories and total carbohydrates b) total fat, dietary fiber, sugars, protein, 

and salt. The median of the dataset indicates the midpoint of the nutritional composition of the 

flat breads. A classification is proposed according to the average nutritional composition: low 

nutrition component content (content ≤ Q1), intermediate (Q1 < content < Q3), and high 

nutrition component content (≥ Q3) or very high content (> Q3) 
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Table 2. Molar ratio (%) of monosaccharides and estimated AXs content (% of the hot water-

extractable fraction, F2) in the fractions obtained from oat (OB) and barley bran (BB) before 

(C) and after ultrasound pretreatment (US) 

Sample/sugar OB-C BB-C OB-US BB-US 

Fucose 0.11 ± 0.01c 0.55 ± 0.21a 0.23 ± 0.01b 0.24 ± 0.01b 

Arabinose 24.01 ± 0.23a 21.28 ± 1.34a 22.03 ± 0.37a 
10.81 ± 

0.09b 

Mannose 6.94 ± 0.00c 8.05 ± 0.58bc 8.59 ± 0.25b 23.69 ± 0.07a 

Glucose 27.94 ± 0.18b 39.57 ± 1.68a 
29.11 ± 

0.66b 

25.62 ± 

0.02b 

Galactose 13.13 ± 0.09c 11.38 ± 0.96c 
15.26 ± 

0.06b 
29.43 ± 0.04a 

Rhamnose 0.46 ± 0.02c 0.50 ± 0.01c 0.74 ± 0.03b 1.39 ± 0.02a 

Xylose 27.40 ± 0.31a 19.16 ± 1.24c 
24.05 ± 

0.62b 
8.81 ± 0.06d 

Total sugars (%) 53.91 ± 0.67b 60.00 ± 2.26a 
55.00 ± 

0.47ab 

50.88 ± 

0.15b 

Arabinoxylans (%) 57.06 ± 0.15a 45.83 ± 0.28c 
54.28 ± 

0.28b 

43.76 ± 

0.10d 

Results are expressed as mean±standard deviation (n=2) 

a–c Values within the same row marked with different letters differ significantly according to 

Tukey’s test (p < 0.05)
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Figure 3. Appearance of gluten flat breads made with the addition of untreated (a, e) and PEF-

treated (b, f) oat flour, and with the addition of untreated (c, g) and PEF-treated barley flour (d, 

h)
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Figure 4. Appearance of gluten flat breads made with no-time process with 30% and 50% 

of oat and barley sourdough (a, e and c, g, respectively) and made with retardation process 

(24 h) with 30% and 50% of oat and barley sourdough (b, f and d, h, respectively



 

 
 

 


