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ABSTRACT 

Interests in incorporating bioactive ingredients such as dietary fibre (DF) and phenolic 

antioxidants into popular foods like bread have grown rapidly due to the increased consumer 

health awareness. The purpose of this study is to investigate the properties of breads 

enhanced with phenolic antioxidants and pectin fibres. To date, six papers have been 

published. 

 

Two sets of breads with a 20% difference in the water content were prepared in the 

absence (control bread), or presence of high methoxyl pectin (HM) and an apple, kiwifruit or 

blackcurrant polyphenol (PP) extract (APE, KPE or BPE treated bread). Breads were 

subjected to quality, chemical and rheological examinations. Fourier transform infra-red 

(FTIR) and Raman spectroscopy were used to explore the conformational changes in wheat 

proteins and polysaccharides in breads. Environmental Scanning Electron Microscopy 

(ESEM) and Cross Polarization/ Magic Angle Spinning Carbon-13 Nuclear Magnetic 

Resonance (CP/MAS 13C NMR) spectroscopy were used to examine the structural 

characteristics of bread polysaccharides, especially wheat starch in different bread 

formulations. A range of model breads containing flour, yeast, sugar, salt, oil and water, with 

or without added pectin and blackcurrant PP extract were examined to find out the 

extractability of PPs-protein complexes and their influence on the conformational structure of 

wheat proteins.  

 

The results revealed that added pectin and fruit phenolic extracts would lead to changes in 

bread appearance, quantity and composition of phenolic antioxidants in bread, and the 

rheological characteristics of bread dough and finished breads. Total extractable phenolic 

content (TEPC), antioxidant activity (AA), and HPLC results suggest that the ingredients 

used in bread formulation can induce various changes in secondary structure of wheat 

protein. HPLC- Mass (MS) spectrometry PP profiling revealed that baking caused oxidation 

of some added PPs such as quercetin and myricetin. SE-HPLC analysis showed that the free 

thiol groups in finished breads decreased with an elevated percentage of the Unextractable 

High Molecular Weight (UHMW) proteins. As per FTIR and Raman spectroscopy results 

adding pectin and PPs caused changes in conformations and polymer structure of wheat 

gluten and wheat starch. Analyses of the model formulations revealed that adding PPs 

increased the TEPC and AA of the baked breads. The formation of HMW aggregated gluten 
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proteins occurred in the absence of added PPs and pectin. The addition of PPs and pectin 

decreased the proportion of UHMW proteins suggesting the occurrence of protein 

solubilisation. Replacing flour with starch and gluten caused a reduction in the TEPC, AA, 

the amounts of BPE’s anthocyanins especially delphinidin-3-o-glucoside and delphinidin-3-

o-rutinoside, and lowered the intensity of the Amide I band, and led to the disappearance of 

the Amide II band. 

 

CP/MAS 13C NMR studies revealed differences in amylopectin-related crystalline 

domains and the amylose-related amorphous domains among the breads.  All breads showed 

V-type or amorphous starch structures; however the control bread contained some of A-type 

starch. Breads formulated with 20% extra water showed a greater degree of starch 

gelatinisation, a smoother crumb microstructure and a lower amorphous starch content. The 

differences in the microstructure of starch/protein matrix in the finished breads revealed by 

ESEM and optical microscopy supported the NMR findings. 

 

In conclusion, the added pectin, PPs and possibly the oxidation products of PPs affected 

the interactions between water and bread components. Wheat proteins and starch during 

dough development and bread baking caused differences in cross-linked microstructures. 

These interactions ultimately affected the extractability and/or stability of added PPs. Both 

the composition of a recipe and the order of ingredient addition influenced the properties of 

the model bread systems.  
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Chapter 1                     Introduction 

1 

 

General Introduction 
 

1.1 Introduction 

Bread is a staple processed food that dates back over 12,000 years. Numerous studies 

have been devoted to various aspects of bread making  a process in which wheat flour, 

water, salt, sugar and yeast are mixed in varying proportions into viscoelastic dough 

subjected to fermentation and baking. Bread is a leavened food produced via fermentation of 

wheat flour sugars derived from starch involving chemical interactions of various food 

components in the employed ingredients. These interactions can be adjusted to create 

desirable products once the underlying chemical and physical processes are well understood.  

 

Consumer awareness of the importance of functional foods has greatly grown in the past 

years (Krystallis et al., 2008). The global market for functional food is expected to increase to 

€14.7 billion by 2013 (The Medical News, 2010). Functional foods with elevated levels of 

antioxidants and Dietary Fibres (DFs) are of high demand because of their associated health 

benefits, including maintenance of health and protection from diseases, such as cancer, 

cardiovascular diseases and degenerative diseases (Boyer and Liu 2004; Pelucchi et al., 2004; 

Arts and Hollman 2005; Scott et al., 2008). As bread is a common component in western diet, 

it may be a convenient food to deliver fibre polysaccharides and phenolic antioxidants of high 

concentrations.  

 

In this chapter, we review the published literature on experimental studies of 

breadmaking to identify the scopes of further investigation into functional bread, with 

particular reference to the incorporation of fibre and phenolic ingredients and associated 

technical challenges. We consider the chemical composition of the common ingredients used 

in breakmaking, with a specific focus on the impact of added fibre and/or phenolic 

constituents on dough functionality and bread quality, and with less emphasis on the 

optimization of bread processing and effects of processing on fortified ingredients. We also 

discuss the interactions among wheat proteins, fibre polysaccharides and phenolic 

antioxidants during dough development and baking process, and the mechanisms associated 

with the changes in the structure and conformation of wheat proteins, fibre polysaccharides 

and phenolic antioxidants. 
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1.2 Key wheat flour components and their functions 

1.2.1 Wheat protein — the ‘gluten’ 

Wheat is normally used to make bread, pasta and noodles, because among the cereal 

flours, only wheat flour has the ability to form cohesive doughs upon hydration (Létang et al., 

1999; Landillon et al., 2008). Wheat dough entraps gas, which is essential for the production 

of light and leavened products such as bread and pastry (Peighambardoust et al., 2010). These 

properties are mainly attributed to the gluten proteins that generate a continuous visco-elastic 

network during dough development (Belton et al., 1995; Shewry et al., 2001). Protein 

constitutes only 7–15% of common wheat flour including albumins and globulins, and gluten 

accounts for 80–90% of flour proteins (Daniel and Triboi 2002; Shewry et al., 2002). 

 

Wheat proteins naturally occur as oligomers of different polypeptides containing more 

than 35% hydrophobic amino acid residues (isoleucine, leucine, tryptophan, tyrosine, valine, 

phenylalanine and proline). There is 6–12% proline in wheat proteins. The structure of some 

amino acids in wheat proteins is shown in Figure 1.1 (Atwell 2001). The molecular weight of 

protein generally ranges from thousands to millions, with those of wheat proteins being from 

30,000 to more than 10 million Daltons (Hoseney 1994; Wieser 2007). Some protein chains 

are branched polymer (Kent-Jones and Amos 1967; Wieser 2007). The presence of non-

rotating N-C bond in the ring structure of proline facilitates a fixed Φ angle of 70
o
 in the 

protein molecules, resulting in a random or aperiodic structure in the proteins containing 

higher levels of proline residues (Damodaran 1996; Xu et al., 2001). 

NH

CH

C

CH2

O

CH2

C

H2N

O

HN

CH

C

CH2

O

CH2

C

HO

O

NH
CH

C
H2C

O

CH
H3C

CH3

NH

CH

C
H2C

O

H2C

H2C

H2C

NH2

HN

CH

C
H2C

O

S

HN

CH

C
H2C

O

S

Glutamine Proline Leucine Lysine Cystein

N

C

O

Glutamic acid

 

Figure 1.1 Structure of some common amino acids found in wheat, showing linkages with 

peptide bonds (from Atwell 2001). 
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When dough is washed in running water, the starch is removed and a visco-elastic 

rubbery mass is obtained which is called ―gluten‖ (Hargreaves et al., 1995; Bloksma and 

Bushuk 1998). Gluten is a protein complex, with proline (10%), glycine (20%) and glutamine 

(~35%) being the most abundant amino acids responsible for gluten development (Fermin et 

al., 2003; Wellner et al., 2005; Pommet et al., 2005). Gluten proteins can be categorized 

based on their solubility into gliadins (alcohol-water soluble) and glutenins (insoluble) 

(Wieser 2007). Gliadins and glutenins are well known for their influence on the properties of 

gluten (Lagrain et al., 2008). The gliadins create viscosity required for dough development, 

whereas the glutenins provide strength and elasticity of dough (Toufeili et al., 1999).  

 

Not only the structure of gluten protein but also the bonding within the protein plays 

important roles in the dough development and functionality. Proteins contain covalent and 

non-covalent bonds that contribute to dough formation and structure (Bushuk 1998; Hoseney 

1994). Noncovalent bonds include hydrogen bonding, hydrophobic interactions, ionic bonds 

and Van der waals interactions (Hoseney 1994). Although hydrogen bonds are individually 

weak, they create stability to the dough when large numbers of bonds are established during 

dough development. Hydrophobic and ionic bonds, although present in very small amounts, 

play significant roles in the interactions among the biopolymers within bread dough which 

consequently promote dough stability. On the other hand, covalent bonds (namely peptide 

bonds and disulphide bonds) exist among the amino acids that normally remain unchanged 

during breadmaking (Bushuk 1998; Aït Kaddour et al., 2008). Although cystein accounts for 

only 2% of gluten protein, it can significantly influence the structure and functionality of 

gluten (Wieser 2007). The sulphydryl group of a cystein can react with another cystein 

residue to form a disulphide bond (-S-S-). Two cystein residues, either derived from the same 

protein via intramolecular bonding or different protein chains via intermolecular bonding, can 

form a loop within the protein (Hoseney 1994). During dough development, these disulphide 

bonds can be mobilized through disulphide interchange reactions (Bushuk 1998; Fermin et 

al., 2003; Abang Zaidel et al., 2008). When gluten proteins are heated up to 75

C, sulphydryl-

disulphide interchanges are accelerated (Sun et al., 2008). Disulphide bonds among flour 

proteins form strong crosslinks within and between polypeptide chains, which stabilizes other 

energetic bonding such as hydrogen and hydrophobic interactions. Another type of covalent 

bond form during bread making is tryosine-tryosine crosslink between gluten proteins and 
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tryosine-dehydroferulic acid, or between gluten proteins and non-starch carbohydrates  

arabinoxylans from flour (Wieser 2007).  

 

The polymers of glutenins are made up of high molecular weight (HMW) subunits (60–

90 kDa) and low molecular weight (LMW) subunits (10–70 kDa) (Belton et al., 1995; 

Wellner et al., 2005; Anjum et al., 2007). HMW subunits, accounting for 5–10% of total 

gluten protein, are formed among high molecular mass glutenin polymers (also called 

‗glutenin macro polymers‘). They range from 67.5 to 73.5 KDa (approximately 630–830 

amino acids). These polymers commonly occur in allelic forms (He et al., 2005; Pirozi et al., 

2008) and influence gluten‘s visco-elasticity. Disulphide bonds significantly stabilize these 

polymers (Lefebvre and Mahmoudi 2007), functioning as inter-chain bonds between HMW 

subunits, and between HMW and LMW subunits (Shewry et al., 2001). HMW subunits form 

an ‗elastic backbone‘ of head-tail polymer with inter-chain disulphide bonds, and the 

resultant backbone becomes the basis for LMW subunits to attach via disulphide bonds 

(Shewry et al., 2001) (Model HMW and LMW subunits as shown in Figure 1.2, Wieser 

2007).  

 

 

Figure 1.2 Model unit showing interchain disulphide structures of LMW ( ) glutenin 

subunits and HMW ( ) glutenin subunits (adapted from Wieser 2007). 

LMW 

S-S Bond 

HMW 
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Furthermore, gliadins can also interact with the glutenin polymers via non-covalent 

hydrophobic interactions and the glutamine residues via hydrogen bonds (Wellner et al., 

2003). Interchange of disulphide bond occurs during dough mixing, possibly via breaking and 

reforming of disulphide bonds (Damodaran, 1996; Bloksma and Bushuk, 1998). Breaking 

and reforming disulphide bonds results in the formation of a network aligned along the 

direction of extension (Shewry et al., 2001). 

 

 ‗Loop and train model‘ was first proposed by Belton (1999) to describe the behaviour of 

gluten upon hydration (Figure 1.3). Hydrated gluten contains intermolecular β-sheet in 

addition to α-helix and β-turn structures, indicating the important role of HMW subunits in 

gluten elasticity (Belton et al., 1995; Wellner et al., 2005). HMW glutenins comprise 1) 

extensive and repetitive sequences that can form loose β-reverse turns in solution and 

subsequently give a β-spiral structure, 2) short and non-repetitive domain that are rich in α-

helix (Shewry et al., 2002; Wellner et al., 2003 and 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Model for the effect of hydration on the loop to train ratio of HMW subunits 

(from Belton 1999). 
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At low level of hydration (e.g. < 35%), most of the protein-protein interactions occur via 

inter-chain hydrogen bonding between glutamine residues in the β-spiral structures (Belton et 

al.,  1995; Shewry et al., 2001 & 2002). When hydration level increases, plasticization of a 

system facilitates the formation of hydrogen-bonded structures between chains, allowing the 

orientation of the β-turns in adjacent to β-spiral to form ‗interchain‘ β-sheet (Shewry et al., 

2001 and 2002). Further increase in hydration to high level leads to the formation of 

hydrogen bonds between water and glutamine, forming loops where they do not interact with 

each other (Shewry et al., 2001 and 2002; Wellner et al., 2005). When hydration increases, 

the amount of train region in the β-sheet conformation is reduced, resulting in more loop 

regions (Belton 1999). This loop and train model is consistent with the results from a later 

FTIR study on protein conformational changes during gluten extension (Wellner et al., 2005) 

and an investigation on the repetitive peptides of various numbers of HMW subunits at 

different levels of hydration (Feeney et al., 2003). On the other hand, glutenin subunits form 

a disulphide-bonded network in dough. An extension on dough would result in a strain in the 

network, which can be described using a stretched loop and ‗unzipped‘ train regions (Shewry 

et al., 2001). Water was proposed to have a major role in the loop and train model, and 

elevated water content leads to an easy-to-deform system (Belton et al., 1995; Belton 1999; 

Shewry et al., 2001). Increased train content in the dough system would exhibit an increased 

resistance to extension. The trains are associated with β–sheet conformation, and the 

resistance to extension depends on the proportion of HMW subunits in gluten proteins 

(Belton 1999). Moreover, LMW subunits can make the dough stronger and less extensible 

(Grassberger et al., 2003). In summary, the length and nature of HMW subunits play a vital 

role in the visco-elastic properties of dough (Belton 1999). The addition of glutenins with 

HMW and LMW subunits to dough would greatly influence rheological and baking 

properties. Table 1.1 lists some published review papers on the gluten structures.  
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Table 1.1 Reviews on the gluten structures 

References Strength 

Belton 1999 Loop and train model development, explaining protein-

protein interactions, association of subunits can take place by 

inter-chain hydrogen bonding. Many hydrogen bonds that 

cannot be broken, at the same time, there will be non-bonded 

mobile region (loops) and bonded regions (trains).  

Shewry et al., 2001 Novel details of glutenin subunits and details of their 

molecular structures and interactions which allow 

development of model to explain their role in determining 

the visco-elastic properties 

Shewry et al., 2002 HMW subunits of glutenins are important for high level of 

elasticity (dough strength), these subunits can be 

manipulated by genetic engineering, leading to either 

increased dough strength or change the structural properties 

of gluten. 

Autio 2006 Naturally occurring oxidative enzymes in flour or added to 

dough might oxidise water-extractable arabinoxylans via 

ferulic acid bridges, resulting arabinoxylan gel that will 

hinder gluten formation. 

Wiser 2007 Different structural domains of gluten due to variability 

caused by genotype. 

 

1.2.2 Wheat starch 

Wheat starch accounts for 63-–72% of flour (Hoseney 1994). The building block of 

starch, glucose, can form both linear polysaccharides (called amylose) and branched 

polysaccharides (called amylopectin) (BeMiller and Huber 1996). The wheat starch 

commonly used contains approximately 25% amylose and 75% amylopectin (BeMiller and 

Huber 1996). Wheat starch granules exist in two sizes: type B (spherical size, 1–3 µm 

diameter) and type A (larger granules, 20–45 µm diameter) (Hoseney 1994; Atwell 2001). 

Interactions between starch granules and gluten are possible, occurring via hydrogen bonding 

and preventing bread staling (Ottenhof and Farhat 2004).  
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1.2.3 Non-starch polysaccharides 

Other important components of flour are non-starch fibre polysaccharides that are derived 

from wheat cell walls. These fibre polysaccharides account for 2–4% of flour (Atwell 2001). 

Both the flour from the whole grains and the flour that has been refined can be used for 

bread. The former is nutritionally preferable to the latter. Arabinoxylans and mixed 1,3-/1,4- 

β-D-glucans are two major wheat fibre polysaccharides or non-starch polysaccharides 

(Biliaderis et al., 1995; Sasaki et al., 2000). The structure of arabinoxylans varies 

significantly amongst types of cereal, containing xylan backbone branched with arabinosyl 

residues in various linkages (Nandini and Salmath 2001). Arabinoxylans may also be linked 

to ferulic acids covalently through ester linkages to the arabinose as shown in Figure 1.4 

(Adams et al., 2003). The wheat fibre polysaccharides influence the functionality of gluten 

(Autio 2006). Arabinoxylans significantly influence water balance and rheological properties 

of bread dough, as well as retrogradation of starch. Arabinoxylans are able to absorb high 

amounts of water (Prasad Rao et al., 2007; Brennan and Cleary 2007), causing reduced water 

availability for gluten during dough development (Autio 2006). The water-absorbing capacity 

of arabinoxylans also affects the distribution of moisture among dough constituents, resulting 

in altered dough rheological properties and prolonged mixing time (Wang et al., 2002a). The 

redistribution of moisture among gluten and other macromolecules allows arabinoxylans to 

react directly with gluten molecules, generating a more complex network containing both 

gluten and arabinoxylans (Autio 2006). Other molecules such as arabinogalatctan peptides 

also interact with gluten, resulting in a reduced water absorption and extensibility (Autio 

2006).  
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Figure 1.4 Wheat arabinoxylans: β-(14)-D-xylan backbones substituted with single and/or double 

α-L-arabinofuranoside moieties and covalently cross-linked through a 5,5‘ diferuloyl moiety. α-L-

Araf = α-L-arabinofuranose, -D-Xylp = -D-xylopyranose (from Adams et al., 2003). 

 

1.2.4 Dietary fibre  

Since the endogenous fibre polysaccharide content in wheat flour is only 2–4%, the 

incorporation of DF in bread would raise the health profile of the final bread products 

(Jenkins et al., 1998; Pelucchi et al., 2004; Scott et al., 2008). Fibres in various forms have 

been previously used in breadmaking (Anil 2007). The definition of DFs has been debated 

and has evolved in the past (Trowell et al., 1976; Prosky 2000; AFSSA 2002; European 

Commission 2008). A final agreement was only reached in November 2008 on a global DF 

definition for the Codex Alimentarius (ALINORM 09/32/26 2009). Now the Codex defines 

DF as carbohydrate polymers with ten or more monomeric units, which are not hydrolyzed 

by the endogenous enzymes in the small intestine of humans. DFs decrease intestinal transit 

time, increase stool bulk, reduce total and LDL cholesterol level in blood, decrease 

postprandial blood glucose and insulin level, buffer excessive acid in the stomach, and 

prevent constipation (Harvey et al., 1973; Cummings et al., 1978; Burr et al., 1985; Bourquin 

et al., 1996; ErkkilaÄ et al., 1999; Peters et al., 2003; Jenkins et al., 2004; Brennan and 

Cleary 2007; Lunn and Buttriss 2007). Low DF intake has been associated with health 

problems such as diverticular disease, diabetes, obesity, coronary heart disease and colorectal 

cancer (Jenkins et al., 1998; Kromhout et al., 1982; Levi et al., 2001; Scheppach et al., 2004; 
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Anderson et al., 2004; Leeds and Benjamin 2005; Jiménez et al., 2008; Kendall et al., 2010). 

Various DF daily intake ranges are recommended in different countries, e.g. 20-25 g in Japan 

(Mori et al., 1996), 20-35 g in America (American Dietetic Association), 25-30 g in Australia 

and New Zealand (National Health and Medical Research Council and Department of Health, 

www.thefreelibrary.com), and 30-40 g in France (Bagheri and Debry 1990).  

 

In addition to associated health benefits, incorporation of DF to food products imparts a 

number of functional properties to the finished foods, including increased water holding, gel 

forming, stabilizing, texurizing and thickening capacities (Gelroth and Ranhotra 2001; 

Kunzek et al., 2002; Dikeman et al., 2006). DF may stabilize or modify food physical 

structure and product density because of its fibrous nature (Gelroth and Ranhotra 2001). It 

was found that purified DFs from orange, pea, cocoa, coffee, wheat and microcrystalline 

cellulose had pronounced effects on dough rheological behaviour yielding higher water 

absorption and smaller extensibility than those obtained without fibre addition (Gomez et al., 

2003). Dry potato pulp Potex and two derived enzymatically treated fibre powders containing 

a high level of lignin and insoluble non-starch polysaccharides had led to increased hardness, 

deformation modulus and gumminess (Kaack et al., 2006). 

 

1.2.5 Phenolic antioxidants 

Cereal grains contain intrinsic phenolic antioxidants. These compounds not only scavenge 

free radicals in the biological systems (Miller 1996; Bilgiçli et al., 2007), but also prevent 

food spoilage (Gordan 2001). Free radicals derived from a wide range of biological reactions 

in the body can damage essential biomolecules. Excess of unscavenged free radicals cause 

unhealthy conditions as well as diseases, for example, reactive oxygen species (ROS) 

including superoxide (O2
.-
), hydroxyl radical (OH), hydrogen peroxide (H2O2) and lipid 

peroxide radicals have been associated with chronic degenerative diseases such as cancer, 

inflammatory, aging, cardiovascular and neurodegenerative disease (Shahidi and Naczk 

1995; Arts and Hollman 2005). Natural antioxidants such as flavonoids, tocopherols and 

phenolic acids (structure as shown in Figure 1.5) may inhibit lipid peroxidation in food and 

improve food quality (Gordan 2001; Shi 2001; Kyoung Chun and Kim 2004; Thaipong et al., 

2006; Price et al., 2006; Liyana-Pathirana and Shahidi 2007; Wojdyło et al., 2007, Fan et al., 

2007). The modes of action include direct scavenging (for primary antioxidants e.g. α-

tocopherol) and indirect scavenging (for secondary antioxidants e.g. dilauryl thiodipropionate 

and thiodipropionic acid) (Shahidi and Naczk 1995; Gordan 2001). 
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Cereal grains contain phenolic acids, saponins, phytoestrogens, and flavonoids (Liyana-

Pathirana and Shahidi 2007). Ferulic, vanillic and p-coumaric acids are the most abundant 

free phenolic acids in wheat exhibiting antioxidant activities (Zielinski and Kozlowska 2000). 

The antioxidant activity of wheat products depends on the nature of antioxidant species, 

wheat variety, extraction method, and type of antioxidant activity assay (Fardet et al., 2008).  

 

1.3  Changes in product properties due to the interactions among bread 

 components  

Breadmaking is a complex process mainly consisting of mixing, fermentation and baking, 

in which water evaporation, volume expansion, starch gelatinization, protein denaturation and 

crust formation occur. Dough mixing transforms the mixture of flour and water into a 

homogenous visco-elastic dough for subsequent dough development and air occlusions 

(Haraszi et al., 2008; Manu and Prasad Rao 2007). During dough mixing, the mechanical 

energy imparted induces conformational changes in wheat proteins, namely, breakage and 

formation of both covalent (-SS-) and non-covalent (hydrophobic and hydrogen) bonds (Aït 

Kaddour et al., 2008). Water must be added to the optimal absorption level so that dough can 

reach a stage of ‗optimum development‘ (Wesley et al., 1998; Aït Kaddour et al., 2008).  

 

Baking is the last but also an important step involving heat and mass transfer, causing 

physical, chemical and structural changes of dough components (Sablani et al., 1998; Mondal 

and Datta 2008). Increased temperature would promote the formation of protein crosslinks, 

causing setting of the loaf during baking. Leavening is accomplished through trapping the 

CO2 resulted from yeast fermentation in the dough system (Mondal and Datta 2008). The 

yeast is inactivated when temperature reaches approximately 54ºC. Starch gelatinization 

becomes noticeable at 65ºC and further enzymatic action stops at 76ºC (Kent-Jones and 

Amos 1967). Wheat protein denaturation and starch gelatinization both influence water 

diffusion by releasing and absorbing water (Singh 2005). Several changes occur 

simultaneously while baking. Some of the possible reactions and interactions are discussed 

below. 

 

1.3.1 Changes in wheat starch 

During baking, the three hydroxyl groups of the glycosyl residue of wheat starch may 

form hydrogen bonding with water. The overall hydrogen bonding effect would become 
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significant when starch is heated in water at 52–85˚C; crystallinity and birefringence of 

granules would be lost. This process is called gelatinization (Funami et al., 2005). When 

heating is prolonged, the starch granules break and are eventually disrupted. Amylose and 

amylopectin are dispersed. This is called pasting. On cooling and aging, the starch molecules 

can re-associate and form new crystals. This process is called retrogradation (Hoseney 1994; 

BeMiller and Huber 1996). Starch gelatinization, pasting and retrogradation are common 

events in the baking process and are highly associated with rheological behaviour (Atwell 

2001; Kim et al., 2001). During breadmaking, water moves from hydrated gluten to starch 

granules causing gelatinization. Interactions between gelatinized starch granules and the 

gluten network occur in crumb, causing a loss of kinetic energy and subsequently an increase 

in firmness (Ottenhof and Farhat 2004). Further to the study of BeMiller and Huber (1996) on 

starch gelatinization using Differential Scanning Colorimetry (DSC), Ritota et al., (2008) 

used NMR to characterize the dynamic starch-water interaction at heating temperatures 

ranging from 20 to 77˚C, and found that water molecules might have different relaxation 

rates, depending on their diffusive and chemical exchange with starch components.  

 

1.3.2 Changes in wheat proteins  

During baking, wheat proteins undergo structural changes because of their heat 

susceptibility (Schofield et al., 1983; Hayta and Schofield 2004). The decreased protein 

content is possibly due to gradual breakdown of protein during fermentation. A decrease in 

protein content of bread dough during fermentation has been detected by SE-HPLC (Size 

Exclusive – High Performance Liquid Chromatography) (Singh 2005; Maforimbo et al., 

2006). Polymeric proteins decrease and low molecular weight proteins increase, and there is a 

reduction in protein solubility caused by aggregation or crosslinkage during baking (Danno 

and Hoseney 1982). A cleavage of inter-chain disulphide bonds within glutenins would cause 

an increased amount of components with reduced molecule size (Gupta et al., 1993). 

Therefore, intact disulphide bonds preserve large polymer structure of glutenin (Maforimbo 

et al., 2006). 

During baking, temperature of the crumb starts from about 70˚C and can reach 100˚C 

within 30 min (Singh 2005). Two thermally induced phenomena related to baking are starch 

gelatinization and protein denaturation (Kent-Jones and Amos 1967). Gluten proteins are heat 

susceptible, and their performance or functionality during breadmaking would decrease when 

heat is applied and would be completely lost at 75˚C (Falcão-Rodrigues et al., 2005; Lagrain 

et al., 2005). During dough formation, proteins become hydrated (Feeney et al., 2003). When 
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temperature rises during baking, water migrates from gluten to the starch, promoting starch 

swelling. Increased cross-linking and polymerization of gluten polymers occur during baking, 

as a result of increased sulphydryl (SH) and disulphide (SS) interchange reactions (Schofield 

et al., 1983). Elevated temperature during baking would cause protein crosslinks promoting 

loaf setting (Singh 2005). Therefore, increased crosslinks enable protein molecules to 

aggregate closely. When the molecular size of the glutenin aggregate increases, the 

extractability of glutenin decreases (Lagrain et al., 2005).  

 

Stathopoulos et al., (2008) found that the functionality of gluten decreased during baking, 

and the solubility and extractability of gluten decreased rapidly between 70 and 90˚C. Surface 

hydrophobicity of gluten is initiated from 45˚C, indicating the exposure of hydrophobic 

groups of unfolded gluten polymers and consequently their decreased solubility. LMW and 

HMW glutenins and gliadins have different thermal stability. HMW glutenins polymerize 

below 100˚C, and gliadins can be polymerized directly into glutenins without any 

intermediate steps above 120˚C (Stathopoulos et al., 2008). Fourier transform infra-red 

(FTIR), near infrared spectroscopy (NIRS), gel filtration and SE-HPLC are commonly used 

methods to study protein loss during baking (Belton et al., 1995; Khatkar et al., 1995; Bangur 

et al., 1997; Wesley et al., 2001; Feeney et al., 2003; Wellner et al., 2005). 

 

1.3.3 Maillard/caramelization reactions 

Maillard and caramelization reactions are important reactions observed in the processing 

of bakery products; for example, colour of crust is associated with both Maillard and 

caramelization reaction products (Von Elbe and Scwartz 1996; Yilmaz and Toledo 2005; 

Ahrné et al., 2007; Purlis and Salvadori 2009). The Maillard reaction is a chemical reaction 

between an amino acid and a reducing sugar, while caramelization is a complex group of 

reactions that take place when sugars are subjected to high temperatures in the absence of 

amino acids (Tsai et al., 2009). Both Maillard and caramelization reactions can take place 

simultaneously and both reactions depend on temperature, water activity and pH (Purlis and 

Salvadori 2009). Crust browning occurs when the baking temperature is greater than 110˚C 

(Mondal and Datta 2008). During baking, water is quickly removed from the dough surface, 

offering optimum conditions for a Maillard reaction (Kent-Jones and Amos 1967). However, 

once the crust is formed, water vapour flow is restricted from pores to the dough surface 

(Mondal and Datta 2008). Free amino groups of lysine, peptides or proteins could react with 

carbonyl groups of reducing sugars, initiating Maillard reactions under the baking conditions 
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(Yilmaz and Toledo 2005; Michalska et al., 2008). At the early stage of the Maillard reaction, 

Amadori rearrangement products like furosine are generated by acid hydrolysis of the 

Amadori rearrangement compounds (fructosyl-lysine and lactulosyl-lysine-lysine), and at 

later stages, fluorescence compounds and cross-linking products are produced. The end 

products of Maillard reactions are melanoidins that are responsible for browning (Michalska 

et al., 2008). Temperature inside the dough is much lower than that of crust, but water 

activity is high, causing light colouration (Borrelli et al., 2003). Maillard reaction is also 

associated with the formation of toxic compounds such as acrylamide (Ahrné et al., 2007; 

Gökmen et al., 2007). It was found that the products of these browning reactions, especially 

caramelization intermediates, show antioxidant capacities (Tsai et al., 2009). 

 

1.3.4 Effects of incorporated dietary fibres  

Attempts to add fibre into popular foods present challenges to develop products with a 

fibre level that meets the requirements of The Code of Federal Regulations (Title 21, Part 

101.54), which allows ―good source of fibre‖ and ―excellent source of fibre‖ claims to be 

made for a product. Major technical challenges of incorporating fibres will be the maximum 

retention of functionality of added fibres in the final finished products. Therefore, the success 

of DF addition should be determined based on the biological and physical effects that DF 

may carry into the final products. Adding insoluble DF solely to baked products is limited 

because of its low functionality and fermentability, in comparison, soluble fibres can be 

fermented (by the large intestine microflora) leading to desired metabolic effects (Prasad Rao 

et al., 2007). Water-holding capacity of soluble fibres (such as pectin and galactomannan) is 

greater than that of cellulose (insoluble fibres) (Ajila et al., 2007). Soluble fibres are normally 

added together with insoluble fibres to deliver the full spectrum of fibre functionality 

(Brennan and Cleary 2007). Some characteristics of the added DFs such as water solubility 

and coarseness, influenced the microbial ecology of the human colon and consequently 

digestion (Van Soes 1984). Both undigested and fermentable fibres were important to 

digestive activities, with fibres of moderate fermentability are preferable.  

 

Added fibres have been found to influence the properties of other types of baked 

products, and these impacts may also occur to bread systems. Fibres derived from apple, 

lemon and wheat have been added to cookies to replace the wheat flour on the levels of 15, 

20 and 30% (w/w, based on the flour used), which showed that the in-vitro protein 

digestibility decreased with an elevated fibre level (Bilgiçli et al., 2007). Decreased crude 
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protein contents in muffins after the addition of apple skin powder on the levels of 4, 8, 16, 

24 and 32% w/w to replace flour also suggested a dilution effect on wheat proteins 

(Rupasinghe et al., 2008). More interestingly, the addition of natural apple fibre (a mixture of 

soluble and insoluble fibres prepared using an aqueous method) into a snack bar recipe to 

replace 2.7% of the quick-cook rolled oats) appeared to facilitate higher contents of beneficial 

bioactive components including phenolics, pectic polysaccharides and total DF (Sun-

Waterhouse et al., 2010). Also, the presence of these fibres (either inulin or apple DF) in the 

snack bar base had caused a reduced yellowness in colour of the bar filling (Sun-Waterhouse 

et al., 2010).  

The physical properties of fibre including water holding, oil holding and swelling 

capacity, viscosity or gel formation significantly affect product processing and quality (Collar 

et al., 2007; Vergara-Valencia et al., 2007). The addition of fibres to dough would alter 

dough‘s water absorption, causing reduced water content in dough and poor visco-elastic 

property. The addition of fibre may or may not decrease dough stability. Decreased dough 

stability and prolonged dough development time (from 4.2 to 5.8 min) were possible after the 

use of mango peel powder (rich in pectins) to replace flour at a level of 10% (w/w) (Ajila et 

al., 2007). However, Wang et al., (2002b) found that the added carob and pea (at the level of 

3% w/w) did not alter dough development time or stability (except for the added inulin 

exhibiting an increasing effect). Different forms and levels of hazelnut (fine or coarse, dry or 

hydrated, 5 or 10% w/w) were added to bread dough, but only the added fine hazelnut 

powder at the level of 10% increased dough stability remarkably (Anil 2007). Thus, the type 

of fibre determined its impact on dough stability, possibly due to the number of hydroxyl 

groups of fibre which interact with water through hydrogen bonding (Wang et al., 2002b).  

 

The apparent negative effects of incorporated fibres on the final bread quality include 

reduced loaf volume, increased crumb firmness, darkened crumb appearance and possibly 

tastes (Wang et al., 2002b; Sangnark and Noomhorm 2004; Sudha et al., 2007a). The 

incorporation of apple fibre into bread might increase product density as a result of the water-

binding capacity of fibre (Sudha et al., 2007b). Bread volume was reduced after the addition 

of hazelnut fibre (Anil 2007), sugar beet fibre (Filipovic et al., 2007) and apple fibre (Chen et 

al., 1988). This phenomenon was possibly a result of the fibre weakening or crippling dough 

structure and reducing CO2 gas retention (Chen et al., 1988; Sangnark and Noomhorm 2004). 

Moreover, appreciable amounts of water could have strongly bound to the added fibres 

during breadmaking, so less water was available for the development of the starch-gluten 
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network, causing an underdeveloped gluten network and reduced loaf volume (Brennan and 

Cleary 2007). Therefore, the two mechanisms causing reduced loaf volume are the dilution of 

gluten, and the interactions among fibre components, water and gluten (Anil 2007). The 

dilution of gluten is evident by electron microscopy (Figure 1.6), cell walls of control bread 

showing a fine structure composed of numerous thin filaments connecting to adjacent cell 

(Figure 1.6A), and a reduction in fine structure in fibrous added breads, the bread crumb 

filaments and sheets are coarse and massive (Pomeranz et al., 1977). Bread hardening effects 

observed after the addition of fibres results from the dilution of gluten content (Collar et al., 

2007). The increased dough development time and decreased dough stability caused by added 

apple fibre were possibly associated with slowed water hydration rate and gluten 

development due to increased fibre content. Increased mixing tolerance and extension value 

may be possible, due to interactions between fibrous materials and gluten (Sudha et al., 

2007a). The disruption of bread crumb structure is due to the impairment in gas retention. 

Fibre addition caused shortened and low resistance to dough extension, and increased 

concentration of insoluble and soluble cell wall materials have been shown to partially 

disrupt the gluten network (Collar et al., 2007). 

 

 

 

Figure 1.6 SEM micrographs of control and 15% flour replaced by fibres bread crumbs, A-

control, B-cellulose, C-finely ground oat hulls, D-finely ground fine wheat bran (Pomeranz et 

al., 1977)  

 

 

 

A B C D 
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1.3.5 Effects of added phenolic antioxidants  

Phenolic antioxidants are one of the major antioxidants in wheat, and can form complexes 

with proteins and/or polysaccharides. Such a complexation can occur reversibly via hydrogen 

bonding between hydroxyl groups of phenols and the carbonyl group of peptide residue of 

proteins (Shahidi and Naczk 1995; Renard et al., 2001; Almajano et al., 2007). The resultant 

complexes can be further stabilized via other types of bonds such as the covalent bonds and 

ionic bonds between phenolate and anion or cationic site of protein molecules. Hydrophobic 

interactions can be another means of complexation, by which polyphenol molecule attach on 

to the protein surface, or cross-link with different protein molecules. Figure 1.7 shows one 

type of the hydrophobic interactions between the aromatic ring of tannins and the 

hydrophobic region of proteins (Shahidi and Naczk 1995). The formation of complexes 

between phenolic antioxidants and polysaccharides is similar to that between phenolic 

antioxidants and proteins which is mediated by H-bonding and hydrophobic interactions. The 

hydrophobic interactions are facilitated by hydrophobic cavities. The resultant affinity is 

influenced by the molecular size, conformational flexibility of phenolic antioxidants and 

water solubility of phenols (Renard et al., 2001).  

 



Chapter 1                Introduction 

19 

 

 

 

Figure 1.7 Polyphenol-protein complex: up — docking of polyphenol, down — hydrogen 

bonding to protein surface (adapted from Shahidi and Naczk 1995). 

 

Processing including heating may alter the phenolic antioxidants in foods to different 

extents and in different ways. Previous study on UHT milk drink containing high level of 

added phenolic antioxidants has shown that the stability of phenolic antioxidants could be 
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influenced by production process and storage (Wegrzyn et al., 2008). In the case of baking, 

there was an increase in the phenolic content of biscuits when mango peel powder was 

incorporated (Ajila et al., 2007), whereas, no change in total phenolic content was detected 

when apple or lemon fibre was added to cookies (Bilgiçli et al., 2007). Moreover, the 

addition of different levels of apple skin powder had led to a range of incorporated phenolics 

in muffin such as flavonols, dihydrochalcones, phenolic acids, cyanidin-3-O-galactoside and 

flavan-3-ols, and the baking process affected the level and composition of phenolics in baked 

muffin (e.g. cyanidin-3-O-galactoside was the most affected phenolic compound with a 

15.7% recovery) (Rupasinghe et al., 2008). After a green tea extract (rich in catechins) was 

added to the bread dough on the levels of 50, 100 and 150 mg per 100 g flour, varied stability 

was detected among the individual phenolics and 83-91% of the total phenolics were retained 

(Wang and Zhou 2004). The chemical structure of some phenolics is shown in Figure 1.5.  

 

Several mechanisms may be involved underlying the varied behaviours of phenolic 

compounds upon food processing. While the loss of catechins could be a result of the 

combined effect of oxidation, isomerization/epimerization and degradation during 

breadmaking, the reduction of phenolic content could possibly be associated with the 

interactions between phenolic antioxidants and wheat proteins via hydrogen bonding during 

dough preparation (Wang and Zhou 2004). The detected antioxidant composition or capacity 

of a final baked product would derive from the intrinsic phenolic compounds of flour, added 

phenolic ingredients, other ingredients naturally containing phenolics, intermediate phenolic 

products newly generated during baking (e.g. via Maillard reactions) (Michalska et al., 2008), 

thermal-induced degradative products (Rupasinghe et al., 2008), and/or polyphenol-

polysaccharides complexes (Shahidi and Naczk 1995).   

 

It is worth noting that the use of high level of added phenolic antioxidants in food 

formulations may lead to negative effects on the sensory attributes of finished foods such as 

increased bitterness and astringency (Jaeger et al., 2009). However, if the level of added 

phenolic antioxidants is well monitored, especially when the phenolic antioxidants co-exist 

naturally with other active compounds such as pectic polysaccharides, the consumer 

acceptability of the finished food might increase due to the beneficial effects on sensory 

attributes derived from the interactions among phenolic antioxidants and other compounds 

(Sun-Waterhouse et al., 2009). 
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1.4 Changes in rheological properties of dough 

Rheological properties of dough are very important indices for product development in 

terms of product quality and process efficiency (Mondal and Datta 2008). Rheology concerns 

the flow and deformation of a material (Vergnes 2003). The various approaches and 

understandings of the molecular basis of dough rheology have been well discussed and 

reviewed (Dobraszczyk and Morgenstern 2003; Dobraszczyk 2004; Belton 2005; Piteira et 

al., 2006; Song and Zheng 2007; Ng and McKinley 2008). The rheological properties of 

gluten particularly elasticity, are associated with texture, shape and expansion of a finished 

product (Abang Zaidel et al., 2008; Dobraszczyk and Salmaniwicz 2008). There is a strong 

relationship between rheological properties like viscoelasticity and the amount of HMW 

gluten polymers (Lefebvre et al., 2000). Gluten polymer network has flexible or semi-flexible 

chains between
 
junction gaps of 20 nm (Ng and McKinley 2008).  

 

Molecular weight and structure of gluten polymers are closely linked to their rheological 

behaviours and, ultimately, their performance in the end product (Gélinas and McKinnon 

2004). Polymer characterization techniques that require solubility in water or solvent such as 

SE-HPLC are unable to examine gluten polymers with little solubility in water or solvent 

(Dobraszczyk 2004). The problems recognized in rheological studies include the 

measurements are not carried out in a region of extension that is appropriate to the actual 

mixing processes (Dobraszczyk and Morgenstern 2003). Another way is to extract the 

material from dough during mixing and relate the properties to the mechanical changes 

occurring during mixing (Belton 2005).  

 

There are several ways to evaluate the rheological beviours of a baked product, with G' 

(elastic modulus), G" (viscous modulus), η' (dynamic viscosity), η" (complex viscosity), and 

loss tangent tan δ (G"/G'=η'/η") being the commonly used terms. G' and G" of glutens show 

significant positive correlations with loaf volume, and the delta value is helpful to understand 

behaviour of a material (Steffe 1992). If a material is an ideal elastic material, the stress and 

strain are in phase and δ = 0. Therefore, G" and η' are also equal to 0 because there is no 

viscous dissipation energy (Steffe 1992; Miller and Hoseney 1999; Belton 2005). The term 

strength is used to describe the type of flour, and the terms ―strong flour‖ and ―weak flour‖ 

indicate flour from hard and soft wheats, respectively. Strong flours are preferred for 

breadmaking and weak flours for cakes and biscuits. Strong flour has a higher proportion of 
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protein with its gluten having a good elasticity. Dough made from good quality (strong) flour 

has lower tan δ values than that from poor quality (weak) flour (Kokelaar et al., 1996; Miller 

and Hoseney 1999).  

 

Soluble fractions in dough play important roles in breadmaking, and less tan δ and greater 

G' may occur in the absence of the water-soluble fractions (Faubion and Hoseney 1997; 

Rouillé et al., 2005). Addition of pentosan could increase tan δ and reduce G' (Baltsavias et 

al., 1997). Hydrocolloids have been incorporated in dough imparting different textural 

impacts on bread, e.g. alginate enhances dough strength and к-carrageenan reduces bread 

crumb firmness (Rosell et al., 2001). The tan δ values of glutens are ranked in the decreasing 

order as weak gluten > strong > extra strong glutens, while G' and G" values show the reverse 

trend (Song and Zheng 2007). The high tan δ value of doughs that were made from poor 

quality flour could be a result of fewer entanglements or entanglements that were easily 

dissociated (due to hydrophilic interaction between the gluten proteins) (Miller and Hoseney 

1999).  

Attenburrow et al., (1990) reported that G' value for gluten varies from 2,000 to 8,000 Pa, 

depending on the temperature used. G' increased at higher temperatures (e.g. > 60
˚
C), 

possibly due to gelatinization of residual starch (Kim and Cornillon 2001), and/or formation 

of new cross-links via disulphide bond formation (Attenburrow et al., 1990). Therefore, 

gluten rich in HMW subunits show low G' and G" (Dobraszczyk and Schofield 2003). For 

glutens rich in HMW subunits, G' and G" show a slight frequency dependency and heat 

treatment does not significantly influence the rheological behaviour. Gluten rich in LMW 

subunits is viscous before baking while heat treatment might completely change it into an 

elastic material (Song and Zheng 2007). Gliadins can act as plasticizers, and elevated gliadin 

content in gluten would result in a decrease in elasticity (Popineau et al., 1994).  

 

1.5 Objectives 

   During breadmaking, different ingredients are used to ensure the development of a 

continuous protein network that is essential for bread quality. Interests in incorporating 

bioactive ingredients such as DF and phenolic antioxidants into popular foods like bread have 

grown rapidly, due to the increased consumer health awareness. The added bioactive 

ingredients may or may not promote the protein crosslinks. Appropriate crosslinks among 

wheat proteins, fibre polysaccharides and phenolic antioxidants could be the most critical 
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factor for the bread dough enhanced with DF and phenolic antioxidants. Such crosslinks may 

influence the structure and properties of a bread system during baking.  

 

     This current research investigates the fate of the key components such as wheat proteins, 

fibres and phenolic antioxidants and how they might interact during bread dough 

development and baking. The overall objectives were: 

 

 The roles of added pectin fibre and phenolic antioxidants in the altered properties of 

bread dough and finished bread.   

 The roles of added pectin fibre and phenolic antioxidants in the altered properties of 

bread dough and finished simplified bread models.   

 Explore the conformational changes and characterization of wheat proteins and 

polysaccharides in breads caused by the addition of fruit PPs and pectin.  
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Attributes and rheological properties of bread dough/ finished 

bread added with pectin fibre and phenolic antioxidants 

 

2.1 Introduction 

 Dietary fibres and phytochemicals (including phenolic antioxidants) have long been 

recognized as the active nutrients responsible for the health benefits of fruit and vegetables to 

humans. Interest in incorporating bioactive ingredients such as dietary fibre and phenolic 

antioxidants into popular foods like bread has grown rapidly, due to the increased consumer 

health awareness. Attempts to develop functional foods with elevated levels of antioxidants 

and DFs have rapidly increased, because of their benefits in health and prevention from 

diseases (Boyer & Liu 2004; Pelucchi et al., 2004). Bread is an important staple food eaten 

all over the world. Therefore, bread containing enhanced DF content like pectic 

polysaccharides (Fry, 1988), as well as phenolic antioxidants such as caffeic acid, quercetin, 

procyanidin and anthocyanins (Rice-Evans et al., 1996), may be of high consumer demand. 

Phenolic antioxidants are believed to posses anti-oxidative, anti-inflammatory and 

antimicrobial properties (Apak et al., 2007; Boyer & Liu 2004; Pahkonen et al., 1999). 

Kiwifruits are rich in antioxidants such as caffeic acid disaccharide, hexoside, dimethyl-

caffeic acid hexoside, protocatechuric acid and ascorbic acid (Sun-Waterhouse et al., 2009a 

& b; Rasam & Laing, 2005). Consumption of kiwifruits may help prevent coronary 

atherosclerosis, platelet aggregation and inflammatory bowel disease (Philpott et al., 2007; 

Park et al., 2006; Duttaroy & Jørgensen 2004). Berries contain a wide range of flavanoids, 

phenolic acids and anthocyanins (Su & Chien 2007; Da Costa et al., 1998). Phenolic extracts 

from blackcurrant have shown inhibitory effects on human low-density lipoprotein and 

liposome oxidation (Heinonen et al., 1998). Apples contain various polyphenols such as 

procyanidin, catechin, epicatechin, chlorogennic acid, phloridzin, quercetin and their 

conjugates (McGhie et al., 2005; Lee et al., 2003). These phenolics have been associated with 

reduced lung cancer, cardiovascular disease and chronic obstructive pulmonary disease 

(Diñeiro García et al., 2009; McCann et al., 2007; Aprikian et al., 2001; Pearson et al., 1999). 

In this study, phenolic extracts from kiwifruit, blackcurrant and apple have been used to 

enhance the phenolic antioxidant content of bread. 

Bread is prepared by cooking a dough of flour, water, yeast (or other leavening agent), and 

frequently with additional ingredients such as sugar and fat. Wheat flour is one type of the 

flour for bread making. The major ingredients of wheat flour are gluten–forming monomeric 
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gliadins and polymeric glutenins that account for 80-90% of the total flour proteins, with 

albumins and globulins occurring in small amounts (Shewry et al., 2002). Gliadins and 

glutenins play vital roles in the functional properties of gluten (Fermin et al., 2003), with 

gliadins providing viscosity for dough development and glutenins imparting strength and 

elasticity (Toufeili et al., 1999). Gliadins and glutenins are also involved in the physical 

interactions and chemical reactions such as Maillard, caramelization and gelatinization 

reactions during dough development and bread baking. In general, glutens from good quality 

flour (gave dough with good gas retention with high loaf volume) show elevated G' (Miller & 

Hoseney 1999), while poor quality wheat are rheologically characterized as less elastic and 

more viscous compared with good quality wheat (Song & Zheng 2007; Miller & Hoseney, 

1999).    

The phenolic antioxidants added as additional bioactive components to bread dough may 

be preserved via binding to wheat proteins, or encounter degradation/oxidation during 

breadmaking process. Moreover, fibre polysaccharides such as pectins that are added for fibre 

content enhancement would impart water binding or holding or encounter self-breakdown. As 

part of the bread constituents, the added fibre polysaccharides and/or phenolic antioxidants 

may result in a dilution of gluten proteins in the whole bread formulation, causing reduced 

loaf volume. Such a change in bread gluten would then lead to an altered cross-linking in 

bread. Consequently bulk characteristics and properties of bread dough or bread would vary 

(Peressini et al., 2009; Stathopoulos et al., 2006), such as a decrease in solubility and 

extractability of protein that is associated with increased cross-linking and polymerization of 

the gluten polymer (Stathopoulos et al., 2006).   

 The added bioactive ingredients may or may not promote the development of bread 

dough. This chapter reports the findings associated with the properties of the functional 

breads enhanced with apple pectin and apple, blackcurrant and kiwifruit phenolic extracts. 

The comparative evaluations on the properties of breads were conducted based on some basic 

bread quality indices (e.g. morphological properties, volume, colour, weight and moisture 

content) and rheological characteristics. The roles of added pectin fibre and phenolic 

antioxidants in the altered properties of bread dough and finished bread were also addressed.   
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2.2 Materials and Methods 

2.2.1 Materials and chemicals 

Flour (high grade white flour, Goodmans Fielder NZ Ltd., Auckland, New Zealand), 

containing 11% gluten, total fat 1.4% - saturated fat 0.2%, carbohydrate 70.8% -sugar 0.5%, 

DF 3.5% and sodium 5% (manufacturer information), yeast (Edmonds, Goodmans Fielder 

NZ Ltd., Auckland, New Zealand), salt, oil, table sugar (sucrose) were purchased from a local 

supermarket in Auckland, New Zealand. Apple phenolic extract (APE) was purchased from 

Penglai Marine Bio-tech Co., Ltd, Shandong, China, containing 80%w/w phenolics, 14%w/w 

total carbohydrates, 5%w/w moisture, dry weight basis (Manufacturer information). Oxi-

fend® Kiwanza kiwifruit phenolic extract (KPE) was obtained from NZ extracts Ltd, 

Blenheim, NZ, containing 3%w/w phenolics, 86%w/w total carbohydrates, 6.6%w/w protein, 

3.7%w/w moisture, dry weight basis (Manufacturer information). Blackcurrant phenolic 

extract (BPE) (Cassis  Anthomix 30) was purchased from Just the Berries Ltd, Palmerston 

North, NZ, containing 27%w/w phenolics, 57%w/w total carbohydrates, 8%w/w fat, 2%w/w 

protein, 4%w/w moisture, dry weight basis (Manufacturer information). Pectins (Pectin 

Classic AB 901, low methoxy (LM) content; Pectin Classic AU 201 USP, high methoxy 

(HM) content) were purchased from Herbreith & Fox KG, Neuenburg/Wurtt, Germany. The 

pectin ingredients were pharmaceutical grade with very little microbiological impurities, 

containing 80-85%w/w pectin, < 5%w/w other carbohydrates, 1%w/w protein, 10-12%w/w 

moisture, dry weight basis (Manufacturer information).  

 

2.2.2 Bread preparation and attribute evaluation 

Control bread (without added DF and phenolic antioxidants) was produced with flour 

(61.6% wet weight), water (31.6% wet weight), oil (2.8% wet weight), yeast (1.3% wet 

weight), salt (1.3% wet weight), sugar (1.3% wet weight) using an automatic bread maker 

(Sunbeam, Bakehouse automatic dough & bread maker-BM3500S, China). An identical 

baking programme was established for the preparations of all the breads in this study: The 

endpoint of baking was set as “Medium Crust”. The total baking time taken was 3 h and 5 

min, including 25 min kneading, 1 h and 40 min fermentation, and 1 h baking at 155°C. The 

temperature in the crumb region was 30°C from time zero to the 85
th

 min, 38°C at the 105
th

 

min, 60°C at the 125
th

 min, and 96°C from the 165
th

 to 185
th

 min. The temperature of the pan 

went up to 155°C during baking. Treated breads were produced by replacing the same 

amount of flour with apple pectin(s) (LM pectin only, HM pectin only, or a combination at a 
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LM: HM ratio of 1:1, at concentrations of 3 or 6 %w/w), in the absence or presence of added 

KPE, APE or BPE (at 3% w/w) (as shown in Table 2.1).  

After production, breads were cooled at 25
o
C for 2 h (in dark), weighed, and subjected to 

volume, width and colour measurements. Loaf volume was determined by a volume 

displacement method using mustard seeds. Bread crumb colour was measured in 10 replicates 

(20mm thick slice) for each triplicate formulation using CR-300 colorimeter (Konica Minolta 

Sensing, Inc., Osaka, Japan; with standard illuminant D65 and 8mm measuring area) and 

expressed as Hunter L*a*b* colour values. L* value defines the lightness (scale 0-100), a* 

value the red-greenness and b* value the blue-yellowness, respectively. The total colour 

difference (ΔE*) was calculated using the equation of ΔE = (ΔL
2 

+ Δa
2 

+ Δb
2
)
1/2 

which 

allows to quantify colour relatively.  

A portion of each bread was dried using a freeze drier (Telstar Cryodos, Terrassa, Spain) 

for moisture content measurement, and ground in a ring grinder (Bench Top Ring Mill, 

Rocklabs Ltd, Auckland, New Zealand) for further chemical analyses (Chapter 3).  

 

2.2.3 Increased water content bread preparation 

A second set of breads (for only selected formulations) was produced with 20% increased 

water content (51.6% wet wt. dough) and the same quantity of other ingredients as stated in 

section 2.2.2.  This set of breads with increased water content are termed “Control new”, 

“HM new”, “HM+KPE new”, “HM+APE new”, and “HM+BPE new”. After production, 

breads were cooled at 25°C for 2 h (in the dark). A portion of each bread was dried using a 

freeze drier (Telstar Cryodos, Terrassa, Spain) and subsequently ground to powder in ring 

grinder (Bench Top Ring Mill, Rocklabs Ltd, Auckland, NZ) for further chemical and 

spectroscopic analyses (Chapter 3).   

 

2.2.4 Rheological properties of bread dough and finished bread 

Control and treated bread doughs or finished breads were sampled during baking. 

Rheological properties of bread doughs and finished breads were examined using a rheometer 

(Physica MCR 301, Graz, Austria) (equipped with a 25-mm diameter plate, a Peltier hood 

attachment, and a 2-mm set measurement gap). The sample was enclosed in the Peltier hood 

to reduce heat exchange with the environment and prevent drying of dough. The rheological 

measurements were taken every 20 min under the same temperature as bread dough (during 

kneading, fermentation and baking) as shown in figure 2.1. An amplitude sweep test was 

conducted over a wide range of strain (0.001-100%) to determine a linear viscoelastic range. 
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The frequency sweep tests were carried out (shear strain = 0.01%) over a frequency range of 

1-100 s
-1

, yielding the G' and G". 

 

 
 

Figure 2.1 Overview of dough/bread sampling for the rheological tests during bread          

       making 

 

 

2.2.5  Statistical analysis  

At least 3 replicate determinations were obtained for each of the three production batches 

at different dates. Differences amongst formulations in terms of the different measures were 

assessed at the 5% level using Analysis of Variance (ANOVA) in Genstat 9.1. A log 

transform was used to stabilise the variance when needed, with all tests conducted on the 
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transformed data. Pair-wise comparisons were performed using Tukey‟s HSD to account for 

inflated type-1 errors due to multiple testing.   

 

2.3 Results and Discussion 

2.3.1 Morphology of breads 

To find out the optimum level of fibres needed to be added, the amount of fibre level was 

increased from 0 to 9% by replacing the flour. All the other ingredients (including water) 

were kept constant. It was found that breads with 9% added apple pectin did not develop 

properly during the bread making (Figure 2.2), and this phenomenon was evident by the 

bread weight, width and volume measurements (section, 2.3.2). At the same time breads with 

3% fibres, although it was comparable to the control bread, the amount of fibre level was not 

significant, therefore the 6% fibre level was chosen as the optimum level of fibre. The 

formulations (3% and 9%) won‟t be included in further chapters and discussion. Further, the 

fruit extracts such as KPE, APE and BPE were incorporated along with HM pectins at the 

level of 6% (Figures 2.3 - 2.6 respectively).   

 
Figure 2.2 Breads with different fibre levels (HM pectin), from left to right 9%, 6%,  

            3%, 0% fibre 
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Figure 2.3 Photos of control fresh bread 

 

  

 

   

Figure 2.4 Photos of KPE+HM fresh bread 

 

 

 

   

Figure 2.5 Photos of APE+HM fresh bread 
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Figure 2.6 Photos of BPE+HM fresh bread 

 

 

2.3.2 Bread weight, width, volume, colour and moisture content 

The weight, width, volume, colour and moisture content of control and treated breads 

were evaluated (Table 2.1). Variations in the type and concentration of pectins or phenolics, 

may or may not influence significantly (at p < 0.05) these bread attributes. 

The control bread showed the lowest weight. The breads containing both pectin(s) and a 

phenolic extract had slightly greater values, and such differences might be associated mainly 

with the type of fruit phenolic extract, i.e. the KPE-breads had marginally lower weight 

values. Formulations with 20% increased water formulations (Control new, KPE+HM new, 

APE+HM new and BPE+HM new) had greatest values for the weight as expected. While the 

bread width of all formulations remained the same (i.e. breads were developed in the same 

container of the bread maker), the bread volume varied (Table 2.1). The control & 3% added 

pectin(s) beads were higher in volume while „control new‟ was lower in volume.  For the 

fruit phenolics-containing breads, the BPE-breads had slightly higher volume values than the 

KPE-/APE-breads. Changes in the product measurements of baked products after fortification 

of fibre materials were possible, e.g. incorporating wheat bran or mango peel powder into 

biscuit dough caused a decreased diameter (Sudha et al., 2007; Ajila et al., 2007). Specific 

volume of bread dough decreased after an enrichment of hazel nut testa (Anil, 2007), carob, 

inulin and pea fibre (Wang et al., 2002). Such a phenomenon possibly resulted from a 

weakening effect caused by added fibre on dough structure and subsequently a reduction of 

CO2 gas retention (Sangnark & Noomhorm, 2004; Chen et al., 1988). Reduced loaf volume 

may also be caused by dilution of gluten, physical interactions and chemical reactions among 

fibre components, water and gluten (Anil, 2007). In the case of „control new‟, the increase 

water would have caused undeveloped dough due to excess water in the system, causing 
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reduced volume. This was also evident by ESEM analysis, which showed more gelatinised 

matrix (Chapter 5).   

The 20% increase water formulations showed higher moisture content as expected. The 

moisture contents of the rest of the breads were similar but higher than that of the control 

bread. Increased moisture content of the treated breads suggested that an appreciable amount 

of water was bound when apple pectins and/or fruit phenolic extracts were added into bread. 

High water binding might be associated with the interactions between water and hydroxyl, 

carbonyl or amine groups of the added pectic polysaccharides and phenolics, as well as flour 

proteins. The differences in the methoxy content of pectins and the chemical structure of fruit 

phenolics used in this study may have caused the variations in water binding, holding or 

absorption. Pectins are complex polysaccharides with varied esterification degree (methoxy 

content) such as HM (72.0% methylated) and LM (38.5% methylated) pectins used in this 

study, possessing strong water-holding capacity (Sun-Waterhouse et al., 2008). Adding pectin 

alone to bread formulation could only enable the competition for water between added pectin 

and flour proteins, whereas, adding both phenolic extracts and pectins would have facilitated 

a three-party competition for the same amount of  water among phenolics, pectin and flour 

proteins.  

Differences in colour were observed between the control bread and treated breads. APE, 

KPE and BPE used in this study were fine powder form with brown, golden yellow and dark 

purple colour, respectively. So it was expected that the addition of these fruit phenolic 

extracts would impart colour. Breads with added pectin(s) only, the differences in L*a*b* 

colour values among HM, LM, HM+LM formulations followed the same trend at the pectin 

concentrations of 3% and  6%.  

The lightness (L* value) of breads decreased in the order of APE-breads with/without 

added pectin > control bread > breads with added pectin only > KPE-breads with/without 

added pectin > BPE-breads with/without added pectin. Bread with added HM pectin only was 

darker than the control bread, however, the control bread was darker than the breads with 

both added HM pectin and APE. Similar phenomenon was found by Wang & Zhou (2004): 

The bread became greyish when being incorporated with tea extracts (rich in catechin), 

although the tea extract gave higher L* values (lighter coloured breads) compared to the 

control breads. The detected a* values suggested that the treated breads had different 

intensity of redness (positive a* values). The BPE-breads had the highest values, which 

resulted from the redness imparted by BPE ingredients. Some greenness present in the control 

bread. A change of positive b* value indicates the variation in yellowness. In this study, the 
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b* value (positive) of breads decreased in the order of KPE-breads with/without added pectin 

> control bread and the breads with added pectin only > the APE-breads with/without added 

pectin > BPE-breads with/without added pectin. The negative b* values that were detected in 

case of BPE breads indicate the appearance of blue colour which was derived from the purple 

colour of BPE. The colour variations between the treated bread and control bread were 

further evaluated using the ΔE values. The greatest ΔE values (47.3-50.1) were observed 

between the BPE-treated breads with/without added pectin and the control bread. The ΔE 

values of the APE treated breads with/without pectin (i.e. ~22.4) were only half of those of 

the BPE bread. The ΔE values of the KPE treated breads with/without added pectin and the 

breads with added pectin only were even lower (11.1-17.6 and 7.2-15.0, respectively). The 

ΔE values were influenced by the original colour of the pectin and/or phenolic extract 

ingredient, as well as the reactions occurring during dough development and bread baking. 

For example, pigment anthocyanins in BPE would be responsible for the purple colour of 

BPF-breads (Pahkonen et al., 1999; Lapidot et al., 1998). Other coloration mechanisms might 

also be possible during baking such as Maillard and caramalization (Purlis & Salvadori 2009; 

Ahrné et al., 2007; Yilmaz & Toledo 2005; Von Elbe & Scwartz 1996).  The colour values of 

20% increased water were not significantly different from that of respective normal 

formulations. 

For the breads with added pectin alone, similar attributes were detected between the 

formulations with 3% or 6% added pectin(s). It is of greater interest to explore breads with a 

higher concentration of pectin DF (i.e. 6%).  



Chapter 2                                                                          Attributes and rheological properties  

46 

 

Table 2.1 Influence of pectins and fruit phenolic extracts on the physical parameters and moisture content of breads 

 

Component   Weight (g) Width (cm) Volume (cm
3
) Moisture content (%) Crumb colour  

             L*  a*  b*
   

ΔE 
Control  (no added pectin)  847.6 ± 1.4a 13.0 ± 0.0 2667.0 ± 0.0d 31.0 ± 0.9a  76.3 ± 2.2d              -0.8 ± 0.2a  13.4 ± 0.7c  

3% HM         854.4 ± 2.5ab 13.0 ± 0.0 2600.0 ± 0.7d 38.0 ± 1.8b  70.5 ± 2.5cd 0.1 ± 0.0b  11.6 ± 0.9c 6.1 

3%LM    855.1± 1.8ab 13.0 ± 0.0 2610.0 ± 0.6d 38.4 ± 1.6b  68.3± 1.4cd 0.3 ± 0.6b  10.6 ± 1.3c 8.5 

3% (LM+HM)           854.6± 1.3ab 13.0 ± 0.0 2608.0 ± 0.6d 38.2 ± 1.6b  69.3± 1.2cd 0.5 ± 0.4b  12.5± 1.2c 7.11 

6% HM       857.2 ± 2.3b 13.0 ± 0.0 2320.0 ± 0.5c 39.5 ± 1.2c  69.5 ± 3.1cd 1.6 ± 0.0b  13.3 ± 0.3c 7.2 

6% LM                      857.5 ± 1.2b 13.0 ± 0.0 1907.0 ± 1.2b 39.3 ± 1.4c  66.4 ± 3.0c 2.3 ± 0.5b  12.6 ± 1.4c 15.1 

6% (LM+HM)           854.3 ± 2.7ab 13.0 ± 0.0 2026.0 ± 0.4bc 40.0 ± 0.4c  67.0 ± 2.9c 1.7 ± 0.0b  13.6 ± 1.0c 12.0 

 

3%KPE    862.2 ± 3.7b 13.0 ± 0.0 1920.0 ± 0.4b 38.0 ± 1.1b  62.1 ± 2.5b 3.2 ± 0.5c  17.7 ± 1.0d 13.5 

3%KPE+3% HM       865.0 ± 1.7b 13.0 ± 0.0 2080.0 ± 0.9bc 39.2 ± 0.5bc  61.1 ± 2.1b 3.1 ± 0.4c  18.1 ± 0.7d 11.0 

3%KPE+3% LM       869.4 ± 1.0bc 13.0 ± 0.0 2000.0 ± 1.2bc 39.0 ± 1.1bc  63.0 ± 1.2b 3.9 ± 0.3c      19.7 ± 0.6d 15.4 

3%KPE+3% (HM+LM)           867.3. ± 2.9bc 13.0 ± 0.0 1920.0 ± 0.9b 39.0 ± 2.6bc  62.1 ± 1.4b 3.5 ± 0.3c  19.6 ± 0.7d 17.6 

 

3%APE    867.1 ± 2.7bc 13.0 ± 0.0 2040.0 ± 1.8bc 38.0 ± 1.1b  95.2 ± 4.4e 0.3 ± 0.0b  4.7 ± 0.2b  22.3 

3%APE+3% HM        874.1 ± 2.0c 13.0 ± 0.0 2027.0 ± 1.4bc 38.2± 1.1 b  97.0 ± 3.2e 0.2 ± 0.0 b  4.5 ± 1.1b  22.5 

3%APE+3% LM        868.1 ± 3.2bc 13.0 ± 0.0 1813.3 ± 1.5ab  38.2 ± 2.0b  96.5 ± 2.3e 0.3 ± 0.0 b  4.0 ± 0.2b  22.3 

3%APE+3% (HM+LM)           879.3 ± 2.3c 13.0 ± 0.0 1773.3 ± 1.3a 39.5 ± 0.5c  97.0 ± 1.7e 0.7 ± 0.0 b  5.5 ± 0.3b  22.2 

 

3%BPE    870.0 ± 1.8bc 13.0 ± 0.0 2400.0 ± 1.0cd 39.0 ± 2.1bc  51.4 ± 1.5a 12.4 ± 0.7d -28.5 ± 0.5a 47.8 

3%BPE+3% HM        872.2 ± 1.2bc 13.0 ± 0.0 2413.3 ± 0.2cd 39.1 ± 1.1bc  51.1 ± 2.4a 11.8 ± 0.8d -27.2 ± 0.3a 49.4 

3%BPE+3% LM        874.2 ± 2.1c 13.0 ± 0.0 2307.0 ± 2.0c 39.0 ± 0.8bc  50.0 ± 2.4a 10.0 ± 0.5d -29.0 ± 2.1a 50.0 

3%BPE+3% (HM+LM)           876.1 ± 3.1c   13.0 ± 0.0 2347.0 ± 1.9c 39.3 ± 0.4c  52.0 ± 1.8a 11.4 ± 0.8d -27.1 ± 0.3a 48.8 

 

Control new   886.2±4.5bc 13.0 ± 0.0 1925.3±3.8b 41.7±2.1c   65.5±2.1b  -0.2±0.0a  15.4±1.2c  11.9 

KPE+HM new   906.7±5.2d 13.0 ± 0.0 2000.0±4.8b 43.6±1.5c   61.6±2.6b  1.3±0.1b  20.2±2.1d  16.4 

APE+HM new   943.1±6.9d 13.0 ± 0.0 2040.3±5.4bc 43.1±2.2c   88.4±3.4e  3.1±0.2c  3.5±0.8b  16.0 

BPE+HM new   925.0±4.2d 13.0 ± 0.0 2133.6±6.1bc 43.0±2.2 b  50.8±1.8a  10.9±0.8d  -26.4±2.1a 48.6 

 

 

HM = Pectin with high methoxy content, LM = Pectin with low methoxy content, KPE = Kiwifruit phenolic extract, APE = Apple phenolic extract, BPE = Blackcurrant phenolic 

extract (data expressed as mean ± standard deviation of triplicate measurements, [Means followed by the same superscripts within a column are not significantly different 

(P<0.05)] (all „new‟ formulations are of 20% increase water content) 
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2.3.3 Rheological properties of bread formulations 

The linear viscoelastic (LVE) range was found to be in the strain range of 0.001-0.1% (Figure 

2.7). Hence, the strain of 0.01% was chosen for frequency sweep tests. The changes in the G' 

and G" of the control and treated bread doughs/finished breads at different time points of 

baking (the 45
th

, 165
th

 and 185
th

 min), as a function of frequency, have been examined 

(Figures 2.10-2.14). The G' and G" at the 105
th

 baking time point of the control and treated 

formulations (plots not shown), all showed similar trends to those at the 45
th

 baking time 

point. This was possibly due to the similar baking temperatures for these two time points at 

the beginning stage of baking (30˚C for the 45
th

 min and 38˚C for the 105
th

 min).  

 

 

 

Figure 2.7 Amplitude Sweep test for bread dough (control bread) 

 

Figure 2.8 only demonstrates the changes in G' and G" of the doughs or breads of the 

control and treated formulations with added HM pectin alone (in the absence of an added 

fruit extract). The G' and G" of the bread doughs or finished breads with different added 

pectin(s), i.e. 6% HM pectin alone, 6% LM pectin alone, and 3% HM pectin + 3% LM 

pectin, showed similar trends. Thus, only the plots of G'/G" versus frequency of the HM 

pectin bread are shown here. As shown in Figures 2.8A to 2C, the control doughs appeared to 

possess a smaller G'/G" than the treated doughs with added 6% HM pectin only. This would 

possibly result from a lower degree of cross-linking in bread dough in the absence of apple 
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pectin. With the baking proceeding, the G' of the control and HM pectin alone doughs/breads 

moved closer until becoming nearly the same at the 185
th

 min. The same phenomena 

occurred to G".  

Moreover, a well defined plateau region where G' > G" had occurred to the control and 

treated doughs/finished breads, suggesting an elasticity rather than viscosity dominating 

characteristics (Rodriguez-Sandoval et al., 2009). A greater G' normally indicates a more 

elastic and solid like structure. Therefore, the apple pectin(s) used in this study had 

contributed to the overall elasticity and strength of bread dough, which agreed with the 

findings of previous studies in which inulin fibre was added to bread dough (Peressini et al., 

2009; Wang et al., 2002). When the frequency ranged in 1-100 s
-1

, the G' and G" of the bread 

dough with added pectin(s) were only slightly frequency dependent, with those of the control 

dough dropping at a higher frequency. At the final stage of the baking (96
o
C, at the 185

th
 

min) (Figure 2.8C), the G' and G" were found to be higher than those of other stages in the 

course of dough development, and the width of the plateau region became larger. The width 

of the plateau region was found to be directly related to polymer‟s molecular weight. The 

larger plateau indicates a significant increase in the amount of high molecular weight 

particles and in the degree of cross-linking/entanglement between bread polymers upon 

heating (Stathopoulos et al., 2006). Complexation among phenolics, polysaccharides and 

gluten proteins was possible through mediating by H-bonding and other hydrophobic 

interactions. During baking, heat changes would promote changes in surface hydrophobicity 

of gluten, i.e. starting from 45ºC, unfolding of the gluten polymer, exposure of hydrophobic 

groups and a decreasing solubility occur (Stathopoulos et al., 2008). An increase in G' and G" 

beyond 55ºC might be a result of increasing permanent cross-linking between glutenin 

polymers (Stathopoulos et al., 2008; Xu et al., 2001), as well as the interactions between the 

gluten network and starch or non-starch polysaccharides (Pedersen et al., 2004). 
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Figure 2.8 Storage modulus G' and loss modulus G" of control and treated bread 

doughs/finished breads as a function of frequency (in the absence of a fruit phenolic extract) 

during bread baking: A) the 45
th

 min (fermentation stage); B) the 165
th

 min (baking stage); C) 

the185
th

 min (final step of baking). HM = Pectin with high methoxy content.  
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Figures 2.9-2.11 show the G' and G" of the bread doughs and finished breads of control 

and fruit phenolic-HM pectin formulations. A significant difference between Figure 2.8 and 

Figures 2.9-2.11 was observed: the G' or G" values of the control dough were lower than the 

treated dough with added pectin only (Figure 2.8), but the trends reversed between the control 

formulation and the treated formulations with the added fruit extract only or with fruit 

extract+pectin (Figures 2.8-2.11). 

 

Similar trends were observed between Figure 2.9 (control versus APE/APE+HM pectin 

formulations) and Figure 2.10 (control versus BPE/BPE+HM pectin formulations). A well 

defined plateau region where G' > G", had occurred to the control and the treated doughs with 

APE/BPE. In general, the plateau height of the plots of G' or G" versus frequency decreased 

in the order of control > APE/BPE+HM pectin formulation > APE/BPE alone formulation. 

At the 165
th

 min, the trends of G' or G" were: 1) Control > (APE+HM ≈ APE) at lower 

frequency values; 2) Control ≈ APE+HM ≈ APE at higher frequency values (Figures 2.19A-

C). Whereas, nearly the same G' or G" values were detected among the control, BPE, 

BPE+HM formulations in the entire frequency range used (Figures 2.10A-C).  

 

The G' and G" of the KPE formulations (Figure 2.11), however, behaved differently from 

those of the APE or BPE formulations (especially those of APE/BPE+HM pectin). The G' 

and G" values of the KPE and KPE+HM doughs initially showed similar trends (control > 

KPE+HM > KPE) to those of APE and BPE doughs until the 105
th

 min. However, at the 

165
th

 min, the G' and G" values of KPE+HM dough became much higher than the control 

especially at the lower frequency region (KPE+HM > control > KPE). At the 185
th

 min (final 

baking step), the G' or G" of KPE+HM bread remained the highest (i.e. KPE+HM > control > 

KPE). The addition of HM pectin to the bread containing KPE had generally led to the 

highest G' or G". Similar observations were previously found when inulin with a 

polymerisation degree of 10 was added to wheat dough (Peressini et al., 2009).  

 

APE and BPE contain high concentrations of phenolic compounds with high molecule 

weight and reduced polarity, e.g. proanthocyanins and anthocyanins (in comparison with the 

highly polar small molecules such as the phenolic acids in KPE). These differences might 

have initiated different interactive mechanisms with gluten and/or other molecules in the 

dough to form complexes of higher molecular weight. The phenolic acids present in KPE 

might be more mobile and easier to be attracted by the charged bread proteins to a close 
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proximity and/or incorporated into protein network with less steric hindrance, resulting in a 

greater impact on the viscoelastic property of bread. For the fruit phenolic extract-pectin 

breads, water was not only demanded by the added pectin but also by the added phenolics (in 

addition to other bread components like proteins). In this study, a constant amount of water 

(31.6%) was used for all the bread formulations, and the same amount of fruit phenolic 

extract ingredients was used for the treated breads in the absence or presence of added pectin 

only. Moreover, the actual quantity of phenolics from KPE for bread fortification was the 

lowest, because of the different phenolic concentrations of the initial fruit extract ingredients 

(KPE 30 mg/g dried ingredient, APE 800 mg/g dried ingredient, and BPE 270 mg phenolics/g 

dried ingredient). Thus, the greatest amount of water might be available for dough 

development in the case of KPE formulations which was also responsible for the distinct G' 

or G" trends of KPE formulations. In cases of APE and BPE formulations, undeveloped or 

underdeveloped dough, which was less elastic than developed dough, were possible. It was 

reported that the G' or G" of developed dough are typically higher than of under-developed 

dough (Peressini et al., 2008).  
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Figure 2.9 Storage modulus G' and loss modulus G" of the bread doughs/finished breads of 

control, APE alone and APE+HM formulations during bread baking: A) the 45
th

 min 

(fermentation stage); B) the 165
th

 min (baking stage); C) the 185
th

 min (final step of baking). 

HM = Pectin with high methoxy content, APE = Apple phenolic extract. 
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Figure 2.10 Storage modulus G' and loss modulus G" of the bread doughs/finished breads of 

control, BPE alone and BPE+HM formulations during bread baking: A) the 45
th

 min 

(fermentation stage); B) the 165
th

 min (baking stage); C) the185
th

 min (final step of baking). 

HM = Pectin with high methoxy content, BPE = Blackcurrant phenolic extract. 

Fig 4 

Sivam et al 
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Figure 2.11 Storage modulus G' and loss modulus G" of the bread doughs/finished breads of 

control, KPE alone and KPE+HM formulations during bread baking: A) the 45
th

 min 

(fermentation stage); B) the 165
th

 min (baking stage); C) the 185
th

 min (final step of baking). 

HM = Pectin with high methoxy content, KPE = Kiwifruit phenolic extract. 

 

 



Chapter 2                                                                          Attributes and rheological properties

  

55 

 

Figure 2.12A-C showing the G' or G" of the 20% increased water formulations at 45, 165 and 

185 mins. G' was greater than G" in all stages of all the formulations as observed above. In 

contrast, at the final stage of the baking (96
o
C, at the 185

th
 min) (Figure 2.12C), the height G' 

and G" were found to be lower than those of other stages. The G' or G" of increased water 

formulations were also lower compared to respective stages of normal formulations at the 

final stage of baking (Figure 2.9C-2.11C). The increase of water tend to decrease G' or G" 

values as explained by Song & Zheng, (2007). These results indicating, the addition of extra 

water had an effect on rheological properties of dough/breads as result of structural changes 

in the system. This structural change may be due to chain-chain interactions (rather than intra 

molecular), where chains can slip past each other and not tightly cross linked or entangled as 

observed elsewhere in gluten suspension (Xu et al, 2001). But unlike we expected, the 

„Control new‟ remained as same as „KPE+HM new‟, „APE+HM new‟ and „BPE+HM new‟ 

formulations especially at 185 mins (Figure 2.12C). Possible reason may be, with the increase 

amount of water, the starch granules would have started to gelatinize, leaching out most of 

the amolyse/amylopectin chains (will be discussed in chapter 5 in  detail). These leached out 

chains would have facilitated more bonding sites for cross lining. It was observed by 

Watanabe et al, (2002), increasing the starch content in gluten fraction, gives rise to an 

increase in G' values. 
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Figure 2.12 Storage modulus G' and loss modulus G" of the bread doughs/finished breads of 

„control new‟, „KPE+HM new‟, „APE+HM new‟ and „BPE+HM new‟ formulations during 

bread baking: A) the 45
th

 min (fermentation stage); B) the 165
th

 min (baking stage); C) 

the185
th

 min (final step of baking). 
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2.4 Conclusions  

The addition of pectin fibre and fruit phenolic extract to bread would lead to changes in 

the bread appearance and measurements of phenolic antioxidants in bread, and the 

rheological characteristics of bread dough and finished breads. The types of pectin and 

phenolics have played important roles in these properties, influencing the cross-linking of 

gluten polymers throughout the baking process. The added pectin and/or phenolics were 

involved in the interactions between water and bread components during dough development 

and bread baking. The next chapter will include chemical properties of some the selected 

formulations that have mentioned in this chapter.   
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Chemical analysis of complex breads and simplified bread models 

3.1 Introduction 

 This chapter investigates the effects of added fruit PPs and pectin on the TEPC (Total 

extractable phenolic content), AA (antioxidant activity), the amount of free thiol groups of 

bread proteins, the quantification of wheat proteins fractions of different molecular weights, 

the changes in wheat protein size distribution, and also the extractability of PPs and proteins 

from bread. The chemical analysis was carried out on freeze dried control and treated breads.  

 

Fruit PPs and DF polysaccharides possess a broad range of chemical structures and may 

react differently during food formulation and processing (Gosch et al., 2010; Arts et al., 2002; 

Rice-Evans et al., 1996). Apple PPs include procyanidin, catechin, epicatechin, chlorogenic 

acid, phloridzin, quercetin and their conjugates (McGhie et al., 2005; Lee et al., 2003) (Figure 

3.1). Blackcurrants have various PPs including flavonoids, phenolic acids and anthocyanins 

(da Costa et al., 1998). Kiwifruit PPs are mainly small and highly polar phenolic acids such 

as protocatechuric acid and caffeic acid derivatives (Sun-Waterhouse et al., 2009a & b). 

Pectic polysaccharides have a distinct monosaccharide composition, degree of methyl 

esterification and acetylation, offering hydroxyl and carboxyl groups for various chemical 

reactions (David, 2001). HM pectins can form low water activity gels or sugar-acid-pectin 

gels, in which water and the co-solutes sugar and acid are immobilised. The resultant gels 

resist deformation, due to the formation of junction zones where chain associations are 

stabilised by hydrogen bonding interactions between undissociated carboxyl and secondary 

alcohol groups and by hydrophobic interactions between methyl esters (Whistler & BeMiller, 

1997).  
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Figure 3.1 Some structures of polyphenols found in apple, kiwi and blackcurrant 
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 The gluten proteins of wheat flour are largely responsible for determining its ability to 

be processed into bread, pasta, and other foods through the formation of an extended network 

that confers viscoelastic properties of dough (Belton and et al., 1995; Shewry et al., 2001). 

Wheat protein constitutes only 7–15% of common wheat flour including albumins and 

globulins, and gluten accounts for 80–90% of flour proteins (Daniel and Triboi 2002; Shewry 

et al., 2002). The polymers of glutenins are made up of high molecular weight (HMW) 

subunits (60–90 kDa) and low molecular weight (LMW) subunits (10–70 kDa) (Belton et al., 

1995; Wellner et al., 2005; Anjum et al., 2007). HMW subunits, accounting for 5–10% of 

total gluten protein, are formed among high molecular mass glutenin polymers (also called 

„glutenin macro polymers‟). They range from 67.5 to 73.5 KDa (approximately 630–830 

amino acids). Disulphide bonds significantly stabilize these polymers (Lefebvre and 

Mahmoudi 2007), functioning as inter-chain bonds between HMW subunits, and between 

HMW and LMW subunits (Shewry et al., 2001). HMW subunits form an „elastic backbone‟ 

of head-tail polymer with inter-chain disulphide bonds, and the resultant backbone becomes 

the basis for LMW subunits to attach via disulphide bonds (Shewry et al., 2001; Wieser 

2007). Furthermore, gliadins can also interact with the glutenin polymers via non-covalent 

hydrophobic interactions and the glutamine residues via hydrogen bonds (Wellner et al., 

2003). 

 The unique role of the thiols/sulhydryl (S-H) and disulfide (S-S) groups in the 

structure and function of proteins are of great interest to a number of research groups (Cullen 

and McGuinness, 1971). Wheat glutenin polymers are linked by interchain disulphide (S-S) 

bonds (Figure 1.2, Chapter 1). Disulphide bonds make major contributions to the stability of 

the conformations of proteins. Therefore the determination of the number of disulfide bonds 

is crucial to structural studies of proteins (Thannhauser et al., 1987).  The addition of 

reducing agents to glutenin results in cleavage of these bonds, causing a drastic decrease in 

molecular size distribution to smaller components, with consequent loss of rheological and 

bread making performance (Schofield and Chen, 1995). Therefore it is essential to the bread 

baking quality of wheat dough that these disulphide bonds remain intact, preserving the larger 

structure of the polymer. It is likely that dough weakening in wheat dough may be due to 

disruption of SH/SS interchange. It was postulated that the effect of heat was to induce 

sulfhydryl-disulfide interchange reactions. When gluten was heated, free sulfhydral groups 

decreased and disulfide bonds increased (Weegels et al., 1994). The reduced extractability of 

gluten upon heating, is due to disulphide-sulphydryl interchange (Weegles et al., 1994), but 
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heating the isolated gluten proteins did not result in permanent changes in secondary 

structure.  

   Starch mainly consists of amylose (linear chains of 14-linked--D-glucose 

residues) and amylopectin (large MW, and highly branched structures of relatively short 

chains of 14--D-glucose residues connected via (16)--D-glucosidic linkages) 

(Hizukuri et al., 1981; Hizukuri, 1986). Starch gelatinization, pasting and retrogradation 

occur during baking (Atwell, 2001). Interactions occur between gelatinised starch granules 

and the gluten network through hydrogen bonding interactions during baking (Ottenhof & 

Farhat, 2004).  

 Many approaches have been attempted to evaluate the wheat proteins and understand 

their role in breadmaking. The contribution of individual subunits and their size distribution 

play a major role.  In addition to the rheological properties of these glutenin subunits, the 

sodium dedecyl sulphate (SDS) insoluble protein fraction has been shown to be related to 

dough properties and loaf volume (Tronsmo et al., 2002; Edwards et al., 2007).  Recently size 

SE-HPLC has emerged as a rapid and precise method for quantifying wheat proteins and their 

fractions. This technique was used to analyse the changes in molecular size of wheat protein 

distribution with time (Ohm et al., 2009). Variations in molecular weight distribution of 

wheat proteins have been significantly associated with quality characteristics of wheat 

proteins. The powerful two-step sonicated based extraction (extractable and unextractable 

SDS fraction) procedure followed by SE-HPLC has been developed. It has emerged as a 

rapid and precise method for quantifying wheat proteins and their fractions (Singh and 

MacRitchie, 2004). The extractability of proteins by SDS solutions gives a good indication of 

the degree of cross linking. The SDS solution as an extracting agent produce its effects by 

altering the intermolecular bonding that is responsible for holding the protein chains together 

(Hayta and Schofield, 2004).  

 The HPLC techniques were developed to analyse phenolic compounds in 1970s 

(Hoefler et al., 1976).  The quantitative and reproducibility of HPLC analysis was still very 

poor until photodiode array (PDA) detection was incorporated (Yao et al., 2004).  Reverse-

phase chromatography on the other hand is the most popular mode of analytical liquid 

chromatography for phenolic compounds. It requires optimising a wide variety of mobile-

phase conditions (ionic strength, pH, ion pair, organic modifier etc.) and column parameters 

(Francisco and Resurrection, 2009). Elution systems are usually binary with an aqueous 

acidified polar solvents (such as acetic acid, percholoric acid, phospohoric acid or formic 
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acid) (Solvent A) and less polar organic solvent such as methanol or acetonitrile, possibly 

acidified (solvent B). In addition, RP-HPLC hyphenated to LC-MS (Liquid Chromatography 

coupled to Mass spectrometry) detection is one of the most used analytical techniques for the 

analysis of phenolic compounds (Verardo et al., 2010). It has gained interests as a rapid and 

efficient tool for screening of PPs from plant extracts due to its accuracy, sensitivity, 

enhanced selectivity and the ability to determine the molecular weight and to obtain structural 

information  (Wu et al., 2007; Montoro et al., 2008; Verardo et al., 2010).  

 

 This chapter reports the findings associated with chemical properties of the functional 

breads enhanced with apple pectin and apple, blackcurrant and kiwifruit phenolic extracts in 

the previous chapter. Selected breads, such as control, KPE+HM, APE+HM and BPE+HM;  

20% increased water for formulations such as Control new, KPE+HM new, APE+HM new 

and BPE+HM new were selected. Model bread systems were prepared using BPE, HM pectin 

and other bread components. In this study, we have applied TEPC, AA, SE-HPLC, thiols  and 

HPLC/LC-MS determination to explore the effect of added fruit phenolic extracts and pectin 

in breads and model bread systems. 

 

3.2 Materials and methods 

3.2.1 Materials and chemicals 

Chemicals additional to those listed in section 2.2.1 are listed below;  

Acetonitrile and hexane (HPLC) grade), formic acid, methanol, acetone, sodium carbonate, 

acetic acid, anhydrous sodium acetate and Urea were purchased from Ajax Fine Chemicals, 

Taren point, Australia. The HPLC standards caffeic acid, chlorogenic acid, epicatechin, 

ferulic acid, phloretin, phloridzin, p-coumaric acid, quercetin, rutin, Folin-Ciocalteu reagent, 

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,4,6-tris(2-pyridyl)-s-

triazine were purchased from Sigma-Aldrich, Seelze, Germany; Cyanidin 3-O-β-

glucopyranoside chloride was purchased from the Polyphenols Laboratories AS (Hanaven, 

Sandnes, Norway).  Milli-Q
PLUS

 was used for all reagent preparation.   

 

Folin-Ciocalteu reagent, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 

(Trolox), 2,4,6-tris(2-pyridyl)-s-triazine, gluten from wheat, starch from wheat were 

purchased from Sigma-Aldrich, Auckland, New Zealand. Sodium dodecyl phosphate (SDS) 
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was purchased from SERVA, Heidelberg, USA. Trifluoro acetic acid (TFA) was purchased 

from SUPELCO Analytical, Belletonte, PA, USA. 

 

Ethylenediaminetetraacetic acid (EDTA) and urea were purchased from Scharlau Chemie, 

Barcelona, Spain. Sodium dihydrogen ortnophosphate dihydrate (Na2PO4.2H2O) was 

purchased from BDH Laboratory Supplies, Poole England. Di-Sodium hydrogen phosphate 

(Na2HPO4) was purchased from MERCK, Darmstadt, Germany. Glutathione reduced and 

5,5‟-dithiobis(2-nitrobenzoic acid) (DTNB) were purchased from sigma-Aldrich, St. Louis, 

USA. 

 

3.2.2 Solution preparation 

FRAP reagent was prepared using acetate buffer (300 mM, pH 3.6), FeCl3 solution (20 

mM) and tripyridyltriazine (TPNZ) solution (10 mM, prepared by dissolving 0.156 g TPNZ in 

50 mM Milli-Q water containing 40 mM HCL). These three solutions were mixed in the ratio 

of 10:1:1, and warmed at 37°C in a water bath for 2 h to allow colour development. FRAP 

reagent was prepared fresh before each time of use. 

Folin-Ciocalteu reagent (2M) was diluted 10× with Milli-Q water to give enough reagent 

for the samples and standards.  

SDS buffer was prepared by dissolving 0.5% (w/v) SDS in 0.05 M Na Phosphate buffer, 

then the pH was adjusted to 6.9 using 1M HCl. 

Sodium phosphate buffer (0.05M) was prepared using 0.1M dibasic and monobasic 

sodium phosphate. The „sample buffer‟ was prepared adding 2.0% SDS, 3.0 M urea and 1.0 

mM EDTA in sodium phosphate buffer. Then pH was adjusted to 6.5. „DTNB reagent‟ was 

prepared by adding DTNB (0.1%, w/v) in „sample buffer‟.  

Milli-Q
PLUS

 was used for all reagent preparation.    

 

3.2.3 Real breads preparation 

 Breads were prepared as described in section 2.2.2. Formulations prepared were 

Control, treated breads with 1:1 ratio at 6 %w/w named as KPE+HM, APE+HM and 

BPE+HM were selected for SE-HPLC. Increased water content (20%) breads preparations 

were made as described in section 2.2.3. A portion of each “real bread” was dried using a 

freeze dryer (Telstar Cryodos, Terrassa, Spain) and ground in a ring grinder (Bench Top Ring 

Mill, Rocklabs Ltd, Auckland, New Zealand) for subsequent analyses. 
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3.2.4 Model breads preparation  

 A range of model breads were prepared by mixing bread constituents such as flour, 

gluten, starch, sugar, yeast, salt, oil and water at the same ratio as they were in the real 

finished bread, using the same baking programme as described in chapter 2 (section 2.2.2). 

The total bread making time was 3 h and 5 min, consisting of 25 min kneading, 1 h and 40 

min fermentation, and 1 h baking. “Control model bread” (Formulation 1) was prepared in 

the absence of added pectin and BPE, using flour (61.6% wet wt. dough), water (31.6% wet 

wt. dough), oil (2.8% wet wt. dough), yeast (1.3% wet wt. dough), salt (1.3% wet wt. dough), 

and sugar (1.3% wet wt. dough). “Treated model breads” (Formulations 2-6) were prepared 

in the presence of added pectin and BPE. “Formulation 2” was produced by replacing a 

portion of the flour (6 % wet wt dough) in “Formulation 1” with pectin and BPE combination 

(pectin to BPE ratio of 1:1).  “Formulation 3” was prepared by replacing the remaining flour 

in “Formulation 2” with a combination of wheat gluten and wheat starch in ratio of 1:6. 

“Formulation 4” was produced by removing yeast and sugar from “Formulation 3”. 

“Formulation 5” was produced by removing yeast, sugar and oil from “Formulation 4”. 

“Formulation 6” was produced by removing yeast, sugar, oil and salt from “Formulation 5”. 

The range of model breads prepared was listed in Table 3.3. After baking, the model breads 

were cooled at 25
o 

C for 2 h (in dark). A portion of each “model bread” was dried using a 

freeze dryer (Telstar Cryodos, Terrassa, Spain) and ground in a ring grinder (Bench Top Ring 

Mill, Rocklabs Ltd, Auckland, New Zealand) for subsequent analyses. 

 

 

3.2.5 The preparation of breads spiked with purified phenolic compounds 

 APE+HM bread was spiked with pure phenolic compound instead of fruit phenolic 

extracts. It was found out that APE contains 50mg of epicatechin/g APE. Therefore 900 mg 

of epicatechin was added along with HM pectin (3%) and the bread was named as „spiked‟.  

Breads were prepared as described in section 2.2.2. A portion of each “model bread” was 

dried using a freeze dryer (Telstar Cryodos, Terrassa, Spain) and ground in a ring grinder 

(Bench Top Ring Mill, Rocklabs Ltd, Auckland, New Zealand) for subsequent analyses. 

 

3.2.6 Phenolic analysis 

3.2.6.1 Preparation of polyphenol extracts from breads  

PPs were re-extracted from the model breads via accelerated solvent extraction (ASE) 

following the method of Sun-Waterhouse et al. (2010a) with following modifications. The 
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model bread powders were rapidly mixed with Celite™ (diatomaceous earth, Maville Service 

Corporation, USA) in a ratio of 1:1 w/w. Three extraction cycles were conducted using 95% 

methanol on an ASE extractor (ASE 300, Dionex, Sunnyvale, CA, USA) under the 

conditions of 1500 psi, 40 °C for 10 min (static volume 60%). The resultant methanol 

extracts were evaporated in a Labconco RapidVap® concentrator (Model 790000, Labconco 

Corp., Kansas City, Missouri, USA) under N2 (30 ºC, 10 kPa) and then freeze dried. “The 

dried phenolic extracts were reconstituted with 5 mL of 95% methanol, and treated using a 

solid phase extraction (SPE) column (to eliminate the potential interference of sugars). The 

elutes resulting from each of the 4 flushes with 95% methanol (in an aliquot of 5 mL) were 

collected, centrifuged (Biofuge 13, Md., U.S.A., 10 min at 3000 g), and used for total 

phenolic content, antioxidant activity determinations and HPLC analysis. 

 

3.2.6.2 Determination of total extractable phenolic content (TEPC) 

 TEPC was analysed by the Folin-Ciocalteu assay, following the method of Singleton et 

al., (1997). Extracts from ASE extraction (section 3.2.4.1) or its dilutions were pipette (1 mL) 

into tubes in triplicates. Working quickly, 5 mL of diluted Folin-Ciocalteu reagent (×10) was 

added to each tube. To each tubes, 4 ml of Na2CO3 (75g/ L) was added no earlier than 3 and 

no later than 8 mins after the addition of the Folin-Ciocalteu reagent. Tubes were capped and 

incubated for 1.5 h at room temperature. A micro-plate reader (SpectraMax Plus 384; 

Molecular Devices, Sunnyvale, CA, USA) was used to record the absorbance at 760 nm. A 

calibration curve (Absorbance versus Catechin concentration (mg /mL)) was established. The 

absorbance values of each sample were converted to Catechin equivalent values.  

 

3.2.6.3 Determination of antioxidant activity 

Antioxidant activity was determined using the FRAP assay following the method of 

Benzie and Strain (1999) with some modifications (Wegrzyn et al., 2008). The FRAP assay 

works on the principal that at low pH, the ferric ion in the tripridyltriazine (Fe
3+

-TPNZ) 

complex is reduced to the Fe
2+

 form, which has an intense blue colour. The colour 

developments can be monitored by measuring the change in absorption at 593 nm. The 

extracts obtained after ASE extraction (or its series of dilutions) (section 3.2.4.1), were 

pipette (10 µL) down the columns of the plate. The FRAP reagent that was prepared 2 hr 

before each assay, was added (198 µL) using automated pipette. Absorbance was read after 

20 mins using a micro-plate reader (SpectraMax Plus 384; Molecular Devices, Sunnyvale, 
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CA, USA).  Trolox standards (100-1250 µM) were used to develop a calibration curve. The 

FRAP values were converted to Trolox equivalent values using the standard curve.  

 

3.2.6.4 High performance liquid chromatography (HPLC) phenolic profiling 

Method 1 for HPLC phenolic profiling of real, spiked and model breads:   

Phenolic composition of the bread extracts obtained from ASE (section 3.2.4.1) were 

analysed followed the method of Stevenson et al., (2006). The extracts (or its dilutions) were 

centrifuged and passed through the filters before injection. A Shimadzu analytical HPLC 

system was used, equipped with a column oven (C40-10ASVP), auto-sampler (SIL-10AF), 

vacuum solvent degas module and diode-array detector (SPD-M10AVP), fitted with a 

Synergi® Polar-RP ether-linked column (250 x 4.6mm, 4m particle size, 80 Å ether-linked 

column) (Phenomenex, Auckland, New Zealand). The mobile phases (A) acetonitrile + 0.1% 

formic acid and (B) acetonitrile / water / formic acid (5 : 92 : 3) were pumped at 1.5 mL/min 

at 45 ºC. The injection volume was 40 μL. A low and high concentrations of internal standard 

mix containing 10 phenolic compounds were used: ferulic acid, 100 & 500 ppm; phloretin, 

100 & 500 ppm; caffeic acid, 100 & 500 ppm; epicatechin, 200 & 800 ppm; rutin, 100 & 500 

ppm; phloridzin, 100 & 500 ppm, chlorogenic acid, 100 & 500 ppm; quercetin, 100 & 500 

ppm; p-coumaric acid, 100 & 500 ppm; cyanidin 3-o-β-glucopyranoside chloride, 100 & 500 

ppm (Fig 3.2 & 3.3). Individual PPs were identified qualitatively based on their retention 

time and absorbance at maximum (max) according to those of standard compounds as shown 

in Figures 3.2 and 3.3. The quantity of individual PPs was further determined using a 

standard compound as an internal standard of known concentration (i.e. the standard 

compound in Figure 3.2 was selected for quantifying the HPLC chromatograms at 280 nm 

wavelength, while the anthocyanin standard compound cyanidin 3-O-β-glucopyranoside 

chloride in Figure 3.3 was used for quantification at 520 nm). 



Chapter 3                                                                                                        Chemical Analysis            

71 

 

Minutes

6 8 10 12 14 16 18 20 22 24 26 28 30

m
A

u

0

50

100

150

200

m
A

u

0

50

100

150

200

 
 

Figure 3.2 HPLC chromatograms (λ=280nm) of phenolic standard compounds   

 

 
 

Figure 3.3 HPLC chromatogram (λ=520nm) of anthocyanin standard compound cyanidin 3-

O-β-glucopyranoside chloride  
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Method 2 for HPLC phenolic profiling of both real and model breads: 

 The following HPLC/LC-MS methods were used to further characterise the samples that 

were examined by Method 1, in order to improve the separation and identification of the 

individual PPs present in the final bread samples. 

 

HPLC PP analysis: PP analysis was carried out using a Shimadzu LC10Avp HPLC 

equipped with a SPDM10Avp PDA detector (Shimadzu Co., Kyoto, Japan) and a Synergi 

Fusion –RP 80 A column (4 µm, 250 × 4.6 mm, Phenomenex,Torrance, CA). Solvents were 

(A) acetonitrile containing 0.1 % formic acid and (B) 96 : 2.5 : 1.5 (water : acetonitrile : 

formic acid) and the flow rate was 1.0 mL/min. The initial mobile phase, 0% A, was ramped 

linearly from 0 to 5 % A (0-5 min then held for 5 min),  from 5 to 15 % A (10-25 min) min, 

from 15 to 19 % A (25-30 min), from 19 to 25 % A (30-39 min), from 25 to 45 % A (39-43 

min), and finally from 45 to 95 % A (43-48 min then held for 5 min) before resetting to the 

original conditions. The sample injection volume was 10 µL. The wavelength detection range 

was 200 to 540 nm. Individual PPs were identified based on their retention time and 

absorbance maximum (max). External standards such as catechin, epicatechin, quercetin, 2,4-

dihydroxybenzoic, p-hydroxybenzoic, protocatechuic, salicylic, syringic, ferulic, p-, m-and o-

coumaric acids were used to assist with PP identification. 

 

LC-MS analysis: HPLC peak assignments were confirmed by LC-MS using an LTQ 

linear ion trap mass spectrometer fitted with an ESI interface (ThermoQuest, Finnigan, San 

Jose, CA, USA) coupled to an Ettan™ MDLC (GE Healthcare Bio-Sciences). PP separation 

was achieved using a Gemini 3 µm C18 110Å (Phenomenex, Torrance, CA, USA), 150 × 2 

mm analytical column (at 35 ºC). Solvents were (A) acetonitrile + 0.1% formic acid and (B) 

water + 0.1% formic acid (flow rate 200 µL/min). The initial mobile phase, 5% A/ 95% B, 

was held for 5 min then ramped linearly to 10% A at 10 min, 17% A at 25 min, 23% A at 30 

min, 30% A at 40 min, 97% A between 48-53 min before resetting to the original conditions. 

UV-vis detection (absorbance) was set at 200-600 nm. Injection volume was 10 L. MS data 

was acquired in the negative mode using a data-dependent LC-MS
3
 method with dynamic 

exclusion enabled and a repeat count of 2. This method isolates and fragments the most 

intense parent ion twice to give MS
2
 data, then isolates and fragments the most intense 

daughter ion twice (MS
3 

data). Each ion interrogated is added to an exclusion list for 1 min to 

enable mass spectral fragmentation data to be obtained from less intense ions. The ESI 
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voltage, capillary temperature, sheath gas pressure and auxiliary gas pressure were set at -10 

V, 275 ºC, 40 psi, and 10 psi, respectively. 

 

3.2.7 Size Exclusion-HPLC (SE-HPLC) of proteins for real, spiked and model breads 

Freeze dried samples were extracted following the method of Gupta et al. (1993). 

Sample (10 mg) was suspended in 1 mL of 0.5% SDS (w/v) in 0.05M Na phosphate buffer 

(pH 6.9) and mixed in a vortex-mixer for 5 min. The suspension was then centrifuged for 10 

min at 3,000g to obtain supernatant (“extractable” or “SDS-soluble” protein). The residue 

was mixed with 1 mL 0.5% SDS-phosphate buffer and sonicated for 30 s using a 

SONICLEAN Ultrasonic cell distributor (Soniclean Pty, Ltd., 38 Anderson St, The Barton, 

SA, Australia). The suspension was centrifuged for 10 min at 13,000× g and the 

“unextractable” or “SDS-insoluble” protein was obtained. All extracts were then subjected to 

SE-HPLC (Shimadzu analytical HPLC system equipped with a 9.5 mm diameter, 250 mm 

long, column, Agilent Zorbak GF-450, Auckland, New Zealand). The eluting solvent was 

acetonitrile and water (1:1) containing 0.05% TFA at a flow rate of 1.5 mL/min. The 

percentage of Unextractable HMW proteins (%UHMW) was used to measure the proteins of 

very large size within the general protein size distribution, and calculated using the formula:  

[Peak Area (UHMW protein)/ Sum Peak Area (total proteins (HMW+UHMW)] × 100 (Gupta 

et al., 1993). 

 

3.2.8 Free Sulfhydryl (SH) determination for real, spiked and model breads 

Free thiol (SH) groups were determined colorimetrically after reaction with DTNB 

(Ellman, 1958 & 1959) following the modified procedures of Veraverbeke et al. (2000) and 

Lagrain et al. (2005) with some modifications. Freeze dried control and treated breads were 

added to 1 mL „sample buffer‟ (0.05 M sodium phosphate buffer, pH 6.5; 2.0% SDS; 3.0 M 

urea and 1.0 mM EDTA), and shaken for 60 min. DTNB reagent (0.1%, w/v, DTNB in the 

sample buffer) was mixed (100 µL) with the sample and the absorbance at 412 nm was 

recorded after 45 min. A blank for each sample containing no DTNB reagent was used to 

correct for background absorption. A calibration curve of reduced glutathione (0-0.1 µmol) 

was established.  
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3.2.9    Statistical analysis  

       At least 3 replicate determinations were performed for each of the three bread production 

batches (each prepared on a different date). Differences amongst formulations were assessed 

at the 5% level using Analysis of Variance (ANOVA) in Genstat 9.1.  

 

3.3 Results and discussion 

3.3.1 Phenolic profiles of breads 

3.3.1.1 Real bread formulations with a standard or 20% increased water content 

TEPC and AA 

The TEPC values of the breads with added pectin only were similar to those of the 

control bread. The TEPCs of the fruit phenolic-breads, detected by the Folin-Ciocalteu 

assays, were higher than those of control bread and the breads with added pectin only (Figure 

3.4). This result suggested that the added phenolics did not degrade largely but have been 

retained after bread making. Much greater Folin-Ciocalteu values were detected in the breads 

with added APE and BPE, because of greater contribution of phenolics from the same 

quantity of added APE and BPE ingredients (i.e. higher concentration of phenolics were 

originally present in the APE and BPE ingredient).  

 

The total antioxidant activity of the breads with added fruit phenolic extracts (especially 

with APE and BPE), detected by the FRAP assays, were higher than those of the control 

bread and the breads with added pectin only (Figure 3.4). This trend agreed with that of 

TEPCs. Therefore, the measured antioxidant activity was mainly derived from the phenolics, 

rather than other compounds, present in the bread. In general, FRAP assay determines the 

total antioxidant activity of all the antioxidative compounds present in bread, while the Folin-

Ciocalteu assay measures the total quantity of phenolics extracted from bread. It was not 

surprising to see the detected values for Folin Ciocalteu and FRAP assays, in the control 

breads, because they contained phenolics such as ferulic acid, p-coumaric acid and/or rutin 

derivatives that intrinsically occur in flour (Rupasinghe et al., 2008; Kreft et al., 2006). The 

TEPC and AA of the spiked bread were lower than the APE/fibre and BPE/fibre added 

breads, but higher than the KPE breads (p < 0.05). TEPC and AA were lower than APE/fibre 

and BPE/fibre breads may due to the degradation of epicatechin in pure form, but the TEPC 

and AA values were higher than KPE/fibre breads due to the added epicatechin is higher than 

the KPE.  
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Figure 3.4 Total extractable phenolic contents and total antioxidant activity of control and 

treated breads (data expressed as mean ± standard deviation of triplicate measurements. Error 

bars are the standard deviation of the mean. 
A-C 

or 
a-c 

values of the same series (total 

extractable phenolics or total antioxidant activity) with different superscripts are significantly 

different (p < 0.05). 

 

Table 3.1 compares TEPC and FRAP values for the control, HM, KPE+HM, APE+HM 

and BPE+HM (Treated) and their increased 20% water formulations (Treated new) and 

spiked breads.  The same amounts of the fruit PP ingredients were used for “Treated” and 

“Treated new” formulations. Yet the “Treated new” breads with 20% increased water in 

bread formulation had a much smaller TEPC. For the same bread processing and PP 

extraction methods, the TEPCs were affected by both the type of PP extract and water content 

in bread formulation. 

 When the water level in bread formulation was increased by 20%, the TEPC values all 

decreased relative to the standard formulation (31.6% wet wt. dough). For KPE, the TEPC of 

“KPE+HM new” was 1.5 times less than “KPE+HM”. For APE, the TEPC of “APE+HM 

new” was 1.3 times less than “APE+HM”. For BPE, the TEPC of “BPE+HM new” was 2.3 

times less than “BPE+HM”. These results suggested that the 20% increase in water 
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concentration in the formulation caused a significant reduction (P < 0.05) in the TEPCs, but 

the extent of the reduction was different for KPE, APE and BPE formulations. The water 

increase had similar impacts on the TEPCs of KPE and APE breads, but exerted a larger 

negative effect on the BPE formulations. Thus, the interactions between water and phenolics 

in BPE-containing bread might be different from those with KPE and APE breads. In 

addition, the TEPC value also varied with the type of added PPs: the TEPC of “APE+HM 

new” was 1.8 times greater than that of “BPE+HM new”. But the TEPCs of the “APE+HM” 

and “BPE+HM” breads were nearly the same, as that of the “APE+HM” being marginally 

smaller.  
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Table 3.1 TEPC, AA and individual phenolic compounds of real and spiked breads 

    Control Control new HM HM new KPE+HM 
KPE+HM 

new 
APE+HM 

APE+HM 
new 

BPE+HM 
BPE+HM 

new 
Spiked 

Total extractable phenolics  
(mg CtE/g dried sample)1 

0.13±0.00 0.12±0.00 0.12±0.01 0.14±0.01 0.35±0.01 0.23±0.01 2.41±0.01 1.85±0.00 2.41±0.01 1.04±0.01 0.66±0.02 

Total antioxidant activity (mg 
Trolox E/g dried sample)2 

0.08±0.00 0.07±0.00 0.08±0.00 0.18±0.00 1.09±0.00 0.59±0.00 7.14±0.02 4.04±0.001 5±0.03 4.34±0.01 1.01±0.01 
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Caffeiic acid derivative 48.26±2.31 55.45±3.21 33.25±2.11 54.54±2.33 19.14±1.55 40.31±1.21     79.51±3.01 

Catechin       28.96±2.38 63.72±3.21    

Chlorogenic acid 4.29±0.12      35.29±2.51 93.37±4.91    

Epicatechin 7.33±0.81  9.22±0.92    204.13±10.41 105.32±5.21   110.98.34±4.01 

UK1       18.84±1.51 60.56±2.11    

UK2       47.97±3.54 40.13±1.22    

UK3       76.16±5.51 24.25±2.21    

p-Coumaric acid       45.14±3.21 29.11±2.31    

Cyanidin 3-galactoside       64.73±3.45 50.90±1.22    

Ferulic acid 11.58±0.12 5.61±0.21 7.72±0.32 4.00±0.11 41.20±2.33 3.86±0.08 77.94±3.74 38.46±2.41    

Rutin derivative1     7.40±0.44 5.92±0.89 33.83±2.1 58.91±3.21    

Rutin derivative2      5.04±0.02 67.30±4.12 53.91±3.21    

Rutin derivative3      6.25±0.03 164.88±12.31 208.00±12.61    

Rutin derivative4      8.42±0.01 52.72±2.11 49.93±2.41    

Phloretin     12.78±0.32 6.13±0.02 590.40±15.81 565.62±20.21    

Phloridzin  6.42±0.22  1.63±0.01   48.72±4.21 54.19±2.71    

Delphinidin-glucoside (1)         86.48±7.11 68.95±2.21  

Delphindin-rutinoside (2)         249.04±11.41 230.24±8.97  

Cyanidin-glucoside (3)         55.50±3.81 3.00±0.01  

Cyanidin-rutinoside (4)                 328.78±9.78 300.86±12.74   

(data expressed as mean ± standard deviation of triplicate measurements, different lowercase superscript letters indicate statistically significant differences at p < 0.05 within the same entire 

column), (1 Analysed by Folin-Ciocalteu assay as catechin equivalents (CtEs), 2 Analysed by FRAP, UK – Unknown.  
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The phenolic recovery from the KPE-, APE- and BPE-breads were 28-35%, 9-12% and 

30-39%, respectively, suggesting that the stability of phenolics during breadmaking and the 

extractability of these phenolics from bread were affected by the bread matrix system (Table 

3.2). During the breadmaking, a same quantity (18 g) of KPE, APE or BPE ingredient had 

been incorporated into the basic bread recipe. Each gram of KPE, BPE and APE ingredients 

originally contained 30, 270 and 800 mg phenolics (catechin eq., dried wt), respectively. 

Thus, the theoretical phenolic content of the final KPE-, BPE- and APE-bread should be at a 

ratio of 1 : 9 : 27, if assuming the same impact of the identical bread processing on the 

phenolics. The APE-bread should have had a TEPC that was 3 times higher than that of the 

BPE-bread. However, the difference between the actual TEPC values of the APE-breads and 

the BPE-breads did not follow this trend: For the bread with added fruit extract only, the 

TEPC ratio of APE and BPE was 1.13 : 1; For the breads containing both added pectin(s) and 

a fruit extract, the TEPCs of the BPE-breads, were higher than those of the APE-breads.   

 

The phenolic recovery from the KPE new-, APE new- and BPE new-breads were 19-23%, 

7-9% and 13-17%, respectively (Table 3.2). By increasing water content, the phenolic 

recovery was decreased compared to the respective standard water content formulations.  The 

epicatechin recovery rate of spiked bread was 6.3%, which was lower than the recovery rates 

of phenolics in fruit extracts of APE, BPE and KPE (Table 3.2). Various influencing factors 

have contributed to the detected TEPC and antioxidant activity values. The baking process 

involves temperature above 60 ºC which could lead to degradation, oxidative condensation or 

decomposition of thermo-liable phenolics (Sudha et al., 2007b; Ajila et al., 2007). 

Incorporation of pectin into baked products could result in a poor phenolic recovery 

(Rupansinghe et al., 2008). Phenolics might have formed polyphenol-protein or polyphenol-

polysaccharide complex via hydrogen bonding and/or hydrophobic interactions (Sabanis et 

al., 2009; Almajano et al., 2007; Wang and Zhou 2004; Renard et al., 2001; Shahidi and 

Naczk, 1995). Such a complexation may depend on the molecular size, chemical structure, 

mobility and solubility of phenolics, and polysaccharide structure (Renard et al., 2001; 

Shahidi and Naczk 1995; Ozawa et al., 1987). 
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Table 3.2 Moisture, volume and recovery of extractable polyphenols of control and treated breads 

with a standard,  20% increased water content or spiked breads.  

 

Bread 
Moisture 

content (%) 
Volume (cm3) 

Recovery of added 

polyphenols (%) 

Control 31.0±0.9a 2667.0 ± 0.0f N/A 

KPE+HM  39.2±0.5c 2080.0 ± 0.9c 28-35e 

BPE+HM  39.1±1.1c 2413.3 ± 0.2e 30-39ef 

APE+HM  38.2±1.1b 2027.0 ± 1.4bc 9-12b 

Control new 41.7±1.1d 1925.3±3.8a N/A 

KPE+HM new  43.6±1.5e 2000.0±4.8b  19-23d 

BPE+HM new  43.1±1.2e 2040.3±5.4bc  13-17c 

Spiked  33.7a 1373.33h 6.3a 

  

Data expressed as mean ± standard deviation of replicate measurements. Different lowercase superscript letters  
(within the same entire column) indicate statistically significant differences at P < 0.05. 

  

 

Several factors likely contributed to the detected differences in TEPCs. The baking 

process introduces high temperatures which might have caused PP degradation, oxidative 

condensation or decomposition (Ajila et al., 2007; Sudha et al., 2007a). In addition, PPs 

might have formed complexes with wheat proteins or polysaccharides via hydrogen bonding 

and/or hydrophobic interactions, which would be affected by the molecular size, mobility, 

solubility and type of PPs, as well as protein or polysaccharide structure (Ozawa et al., 1987; 

Shahidi & Naczk, 1995; Renard et al., 2001; Almajano et al., 2007). These changes could 

have affected the extractability of the PPs.  

 

HPLC/LC-MS phenolic profiling 

The detected phenolic composition of a finished bakery product would have come from 

the intrinsic phenolic compounds in flour, phenolic extract ingredients for fortification, 

intermediate phenolic products that were newly generated during baking via reactions like 

Maillard reactions (Michalska et al., 2008) or thermal-induced degradation (Rupasinghe et 

al., 2008). Phenolics could form complexes with molecules like polysaccharides or proteins 

that originally occurred in the initial ingredients, or were generated during oxidation, 

isomerisation/epimerization, starch gelatinization, sugar caramelization, degradation of pectic 

polysaccharides during breadmaking process (Sabanis et al., 2009; Wang and Zhou 2004; 
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Shahidi and Naczk 1995). The detected amounts of individual phenolics of real and spiked 

breads are shown in Table 3.1. 

 

The success of incorporating KPE, APE or BPE ingredients into breads was confirmed 

using a combination of HPLC and LC-MS analyses (Figure 3.5 & 3.6). For KPE+HM bread a 

small number of PPs were identified at low concentration in addition to those compounds 

already present in the “Control bread”. By comparison, numerous PP compounds were 

detected in the BPE+HM and APE+HM breads (Table 3.1, Figure 3.5 & 3.6). These PPs 

were predominantly those that occurred in the APE extract (catechin, 5-O-caffeoylquinic acid 

[chlorogenic acid], epicatechin, p-coumaric acid, cyanidin 3-O-galactoside, ferulic acid, rutin 

derivatives, phloretin 2-O-glycoside [phloridzin] and phloretin), and BPE extract 

(anthocyanins and flavonol glycosides) (Sun-Waterhouse et al., 2010; Rupasinghe et al., 

2008; McGhie et al., 2005; da Costa et al., 1998), as well as those intrinsically occurring in 

flour (e.g. ferulic acid and 3-O-p-coumaroylquinic acid). In addition, a small number of PPs 

were modified during baking generating Maillard reaction products or thermal-induced 

degradation/oxidation products (e.g. a myricetin oxidation product [2-(3‟,4‟,5‟-

trihydroxyphenyl)-3,3,5,7-tetrahydroxy-2-methoxy-2,3-dihydrochromen-4-one (Figure 3.6, 

Peak 13) in BPE+HM bread and a quercetin oxidation product [2-(3‟,4‟-dihydroxyphenyl)-

3,3,5,7-tetrahydroxy-2-methoxy-2,3-dihydrochromen-4-one] (Figure 3.6, Peak 24) in the 

APE+HM bread as were also observed elsewhere (Michalska et al., 2008; Rupasinghe et al., 

2008; Buchner et al., 2006). The BPE+HM bread contained high concentrations of highly 

polar PPs such as gallic acid and protocatechuic acid, in addition to high concentrations of the 

anthocyanins with medium polarity: delphinidin 3-O-glucoside, delphinidin 3-O-rutinoside, 

cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside. The APE+HM bread contained 

considerable amounts of low-medium polar PPs like 5-O-caffeoylquinic acid, phloretin 2-O-

xylo-glycoside, phloretin 2-O-glycoside, and phloretin. The oxidation product of myricetin 

(Figure 3.6, Peak 13) appeared at shorter retention times and in a greater amount (P < 0.05) in 

the HPLC chromatograms than the myricetin glycosides (Figure 3.6, Peaks 22 and 23). The 

oxidation product of quercetin (Figure 3.6, Peak 24) appeared at a shorter retention time than 

quercetin aglycon (Figure 3.6, Peak 36) and its derived glycosides (Figure 3.6, Peaks 26, 27, 

29, 31, 33 and 34). This quercetin oxidation product (Figure 3.6, Peak 24) had a greater 

concentration (P < 0.05) in the finished bread than quercetin aglycon and its derived 

glycosides except for quercetin 3-O-rhamnoside (Figure 3.6, Peak 34). These suggest that 

significant oxidation of myricetin or quercetin occurred during baking, and the oxidation 
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products possessed higher polarity. The variation in the structure, polarity and quantity of the 

PPs that were present in the control and treated breads, including oxidation products of 

initially added PPs, may result in interactions with other bread components such as bread 

proteins and starch, added pectin, and water during breadmaking. These PPs could complex, 

via non-binding interactions like H bonding, with polysaccharides or proteins that were 

originally found in the initial ingredients like gluten proteins, arabinoxylans and 

arabinogalactans in flour and added pectin (Sabanis et al., 2009; Stauffer, 2007; Wang & 

Zhou, 2004; Shahidi & Naczk, 1995). The presence of the oxidation products of myricetin 

and quercetin would have enhanced the hydrophilic bonding and weakened the hydrophobic 

interactions during breadmaking. In particular, the APE+HM and BPE+HM breads, and 

especially the former, contained high concentrations of phenolic glycosides which have a 

greater water solubility than their aglycon forms (Křen, 2008). This may account for the 

moisture content of the APE+HM bread (38%) being lower than those of the KPE+HM and 

BPE+HM breads (~39%) (Table 2.1, Chapter 2). In the case of spiked bread, the epicatechin 

was observed as the major component as expected (Table 3.1). But the lower recovery rate 

indicates that the PPs in their pure form undergo higher thermal degradation/complexation 

compare to the PPs present in fruit extracts.   
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Figure 3.5 HPLC chromatograms of A) APE+HM bread (λ=280nm); B) BPE+HM bread 

(λ=520nm, ×5 dilution) 
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Figure 3.6 HPLC chromatograms (280nm) of control and treated breads: A) control bread, 

B) KPE+HM bread, C) BPE+HM bread, D) APE+HM bread. KPE = Kiwifruit polyphenol 

extract, APE = Apple polyphenol extract, BPE = Blackcurrant polyphenol extract, HM = 

Pectin with high methoxyl content. Peak 1, gallic acid; 2, protocatechuic acid; 3, 3-O-

caffeoylquinic acid; 4, 3-O-p-coumaroylquinic acid; 5, procyanidin dimer B1; 6, catechin; 7, 

unknown; 8, caffeic acid; 9, 5-O-caffeoylquinic acid; 10, procyanidin dimer B2; 11, a 

dihydroxybenzoic acid; 12, epicatechin; 13, myricetin oxidation product [2-(3‟,4‟,5‟-

trihydroxyphenyl)-3,3,5,7-tetrahydroxy-2-methoxy-2,3-dihydrochromen-4-one; 14, 

delphinidin 3-O-glucoside; 15, delphinidin 3-O-rutinoside; 16, 4-O-p-coumaroylquinic acid 

and 5-O-p-coumaroylquinic acid; 17, cyanidin 3-O-glucoside; 18, p-coumaric acid; 19, 

cyanidin 3-O-rutinoside; 20, procyanidin trimer C1; 21, ferulic acid; 22, myricetin 3-O-

rutinoside; 23, myricetin 3-O-glucoside; 24, quercetin oxidation product [2-(3‟,4‟-

dihydroxyphenyl)-3,3,5,7-tetrahydroxy-2-methoxy-2,3-dihydrochromen-4-one]; 25, 

aureusidin glucoside; 26, quercetin 3-O-rutinoside; 27, quercetin 3-O-galactoside; 28, 

phloretin 2-O-xylo-glycoside; 29, quercetin 3-O-glucoside; 30, phloretin 2-O-xylo-glycoside 

isomer; 31, quercetin 3-O-xyloside; 32, phloretin 2-O-glycoside; 33, quercetin 3-O-

arabinoside; 34, quercetin 3-O-rhamnoside; 35, kaempferol 3-O-glucoside; 36, quercetin; 37, 

phloretin. 
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3.3.1.2 Simplified model breads 

TEPC and AA 

Table 3.3 summarises the TEPC (by the Folin-Ciocalteu assay), the total antioxidant 

activity (by the FRAP assay), and the amount of each anthocyanin PP in the extracts from the 

baked model breads. The TEPCs of all the five “Treated model breads” with added BPE 

(Formulations 2-6) were significantly higher (P < 0.05) than that of the “Control bread” 

(Formulation 1). The TEPC of “Formulation 2” was the highest (twice as much as those of 

“Formulations 3-6”), even though the initial quantity of the added BPE was the same for all 

these “Treated breads”. This suggests different degrees of PP degradation and/or decreased 

extractability of PPs from the matrices of Formulations 3-6. The trend of the total antioxidant 

activity values detected by the FRAP assay agreed with that of the TEPCs measured by the 

Folin-Ciocalteu assay, suggesting that the antioxidant capacity of the extracts from all the 

model breads came from the PPs (rather than other types of antioxidants) in the extracts. The 

“Control model bread” (Formulation 1) did not contain added BPE and pectin but still had 

non-zero readings in both Folin-Ciocalteu and FRAP assays, possibly because of the intrinsic 

PPs in flour (e.g. ferulic acids) (Rupasinghe et al., 2008).  

 

HPLC/LC-MS phenolic profiling of simplified “model” breads 

HPLC anthocyanin profiling was conducted at 520 nm for all the model breads (Figure 

3.7). Table 3.2 lists the individual content of each anthocyanin in the six model breads (freeze 

dried). It is not surprising that “Control bread” (Formulation 1) did not contain any 

anthocyanins as it was prepared in the absence of BPE. The PP profiles of “Formulation 2” 

resembled that of the BPE ingredient, indicating the presence of the four anthocyanins 

(eluting order: delphinidin-3-o-glucoside, delphinidin-3-o-rutinoside, cyanidin-3-o-glucoside, 

cyanidin-3-o-rutinoside) (Maata et al., 2001). “Formulations 3, 4 and 6” contained these same 

four anthocyanins, although their relative amounts decreased to different extents as compared 

to “Formulation 2”, suggesting the effects of bread matrices on the stability and/or 

extractability of PPs. Anthocyanins delphinidin-3-o-glucoside and delphinidin-3-o-rutinoside 

were not detected in “Formulation 5” which contained only gluten, starch, BPE, HM pectin, 

salt and water, but not oil. The presence or absence of both salt and oil is necessary for the 

observation of delphinidin-3-o-glucoside and delphinidin-3-o-rutinoside which are more 

polar anthocyanins (eluting out earlier in the reverse-phase HPLC). The presence of salt but 

no oil led to the disappearance of these two anthocyanins. These suggest the opposite effects 

of salt and oil on the extractability and/or stability of these anthocyanins. The total 
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anthocyanin content of “Formulations 3-6” was lower than that of “Formulation 2”, which 

agreed with those of TEPC results (Table 3.3). The PPs in a bread formulation came from 

flour, added BPE ingredient, other ingredients such as those present in vegetable oil, 

intermediate PP products that were generated during baking (e.g. Maillard reaction products) 

(Michalska et al., 2008), thermal-induced degradative PP products (Rupasinghe et al., 2008), 

and/or PP-polysaccharide/protein complexes (Shahidi & Naczk, 1995). Complexation 

between PPs and proteins/polysaccharides via hydrogen bonding and/or hydrophobic 

interactions vary with molecular size, mobility, solubility and type of PPs, structure of 

proteins and polysaccharides, as well as the absence or presence of other bread ingredients 

(Ozawa et al., 1987; Renard et al., 2001; Almajano et al., 2007). In this study, replacing flour 

with wheat gluten and wheat starch led to the absence of other important flour proteins (e.g. 

albumins, globulins, prolamin and glutenin), non-starch polysaccharides (e.g. hemicelluloses 

and beta-glucans) and minor lipid components, which may have influenced the stability of the 

four anthocyanins especially delphinidin-3-o-glucoside and delphinidin-3-o-rutinoside, 

resulting in the increased complexation of PPs with the protein/polysaccharide components 

during baking, resulting in reduced polarity and extractability. 

 

Formulation 1 

Formulation 2 

Formulation 3 

Formulation 4 

Formulation 5 

Formulation 6 

 

Figure 3.7. HPLC chromatograms (λ = 520 nm) of model bread systems (Formulations 

2-6 were diluted 5 times). Peak 1, delphinidin-3-o-glucoside; Peak 2, delphinidin-3-o-

rutinoside; Peak 3, cyanidin-3-o-glucoside; Peak 4, cyanidin-3-o-rutinoside. 
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Table 3.3 Total extractable polyphenols, total antioxidant activity and individual anthocyanin compounds of model breads 

 

Formulation 
Total extractable 
polyphenols (mg 

CtE/g dried sample)1 

Total antioxidant 
activity (mg Trolox 
E/g dried sample)2 

Individual anthocyanin compound (mg/g dried sample)3 

Delphinidin-3-o-
glucoside  

Delphindin-3-o-
rutinoside 

Cyanidin-3-o-
glucoside 

Cyanidin-3-o-
rutinoside 

1) flour+water+yeast+sugar+oil+salt (control) 0.02±0.00a 0.07±0.00a _ _ _ _ 

2) flour+BPE+pectin+ yeast+sugar+oil+salt 0.52±0.01e 8.31±0.42e 1.29±0.08 3.78±0.08d 0.91±0.02c 5.23±0.05d 

3) gluten+starch+BPE+pectin+ 
yeast+sugar+oil+salt 

0.13±0.03b 3.02±0.36b Trace 1.12±0.01a 0.59±0.003ab 2.26±0.03a 

4) gluten+starch+BPE+pectin+oil+salt 0.21±0.01c 3.54±0.25c Trace 1.71±0.04b 0.71±0.006b 3.02±0.08c 

5) gluten+starch+BPE+pectin+salt 0.12±0.01b 3.43±0.01bc 0 0 0.55±0.016a 2.7±0.05b 

6) gluten+starch+BPE+pectin 0.3±0.00d 4.01±0.12d Trace 2.26±0.01c 0.51±0.023a 2.85±0.07bc 

        
1 Analysed by Folin-Ciocalteu assay and expressed as catechin equivalents (CtEs) 

2 Analysed by FRAP assay. 

3 Analysed by HPLC (λ=520 nm). 
Note: data expressed as mean ± standard deviation of triplicate measurements, different lowercase superscript letters (within the same entire column) indicate statistically 
significant differences at P < 0.05.  
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3.3.2 Extractability of bread proteins by SE-HPLC and the free thiol (S-H) groups 

3.3.2.1 Real and spiked breads 

 The “Extractable Fraction” (EF, SDS-soluble fraction) and the “Unextractable Fraction” 

(UEF, SDS-insoluble fraction) from the control and treated breads with standard water 

content were examined using SE-HPLC. The corresponding SE-HPLC chromatograms are 

shown in Figure 3.8. The amount of the HMW proteins in the EF fractions decreased in the 

order of BPE+HM bread > APE+HM bread > Control bread > KPE+HM bread (Figure 

3.8A). The amount of the LMW proteins in the EF fraction of APE+HM bread was slightly 

higher than that of BPE+HM bread. By comparison, the amounts of the HMW proteins in the 

UEF fractions of treated breads were remarkably higher than that of the control bread, with 

the that of APE+HM bread being slightly lower than those of KPE+HM and BPE+HM 

breads (Figure 3.8B). The HMW proteins in the UEF fraction may originate from glutenins 

and gliadins with MW of 200–70 kDa (Singh, 2005). There were small amounts of LMW 

proteins in the UEF, and likely comprise glutenins (> 100 kDa), gliadins (< 100 kDa), 

albumins/globulins/ and methionine/isoleucine/serine (≤ 70 kDa), glutenin subunits (LMW-

GS) (Anjum et al., 2007; Wellner et al., 2005; Belton et al., 1995). The presence of added 

APE and pectin facilitated a considerable increase in the quantity of extractable proteins, a 

result that may be linked with the lower moisture of the APE+HM bread as compared to the 

BPE+HM and KPE+HM breads (Table 3.2).  
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Figure 3.8 SE-HPLC profiles (λ = 214 nm) of A) extractable B) unextractable fractions 

from control and treated breads.  

 

The percentage of unextractable HMW proteins (%UHMW) is used to evaluate the protein 

size distribution (Gupta et al., 1993) of the control and treated breads with a standard and 

breads with a 20% increased water content during bread formulation (Figure 3.9). The 

%UHMW decreased in the order of KPE+HM >> APE+HM > KPE+HM new, BPE+HM > 

APE+HM new > BPE+HM new > Spiked > Control new > Control. For the same water 

concentration during formulation, the %UHMW decreased following this order: KPE+HM > 

APE+HM > BPE+HM > Control. The %UHMW of the KPE+HM bread was particularly 
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high, due to the fact that minimal proteins were detected in the EF fraction but a high 

proportion of HMW proteins was present in the UEF fraction (Figure 3.8). Most of the flour 

proteins in the KPE+HM bread occurred in the unextractable fraction and had a HMW. For 

the control bread, a 20% increased water led to an elevated %UHMW (from 15% to 35%), 

but this trend reversed for the treated breads (i.e. from 99% to 61% for KPE+HM, from 63% 

to 49% for BPE+HM, and from 74% to 57% for APE+HM). Spiking bread had higher 

%UHMW (32%) than the control but less than the treated and their increased water 

formulations. 

When the water content of the bread formulation was increased by 20%, the free thiol (S-

H) concentration of the treated breads decreased along with an elevated %UHMW (Figure 

3.9):  The free SH-groups dropped from 2.5 to 1.5 µmol/g for the control bread, increased 

from 1.3 to 2.0 µmol/g for the KPE+HM bread, increased from 0.4 to 1.0 µmol/g for the 

BPE+HM bread, and increased from 0.4 to 0.8 µmol/g for the APE+HM bread. The detected 

free S-H concentrations are within the range of published data (Manu & Prasada Rao, 2008; 

Lagrain et al., 2005; Singh & MacRitchie, 2004). A decrease in S-H groups in a bread may be 

associated with the conversion of S–H groups into S-S bonds during the breadmaking, 

leading to a reduced extractability of gluten proteins and an elevated %UHMW (Koh & Ng, 

2009), due to the disulphide-sulphydryl bond formation (Weegels et al., 1994) and the 

formation aggregates via protein cross-linking (Maforimbo et al., 2006; Wrigley & Bekes, 

1999; Schofield et al., 1983). Addition of epicatechin (spiked), caused decrease in SH 

compare to control, indicating protein aggregation.  

 

The reactions which occur between –S-S– and –S-H links during ingredient mixing, and 

dough fermentation and development, and baking are complex. Introducing an antioxidant 

like PPs into the bread system would have complicated the processes further, as the addition 

of PPs may affect the redox status of the S-H groups, and the added PPs may lead to the 

oxidation of the free S-H group depending on the relative reduction potentials (Xu et al., 

1999; Wolin et al., 1997; Frei, 1994; Rao, 1971). The presence of added PPs may cause direct 

oxidation of an S-H group in a glutenin molecule to a stable form that won‟t take part in 

further disulphide-sulphydryl interchange reactions, or cause an –S-S– bond to be formed 

between a water-soluble protein –S-H group and a glutenin –S-H group and/or between two 

glutenin –S-H groups during bread dough development. Moreover, PPs may act as reducing 

agents and utilise some available oxygen, a process that competes the oxygen uptake by the 

yeast. The molecular size of PPs may also play a role in the aforementioned interactions with 
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the thiol groups. Smaller PP molecules may approach the –S-H groups easier, due to less 

steric hindrance from macromolecules like gluten and/or some protection by these 

macromolecules via an entrapment mechanism (Schofield & Chen, 1995).  
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Figure 3.9 Changes in %Unextractable HMW proteins and free S-H content as a function of 

bread formulation. Error bars are the standard deviation of the mean. Different uppercase (A-

F) and lowercase (a-g) letters indicate the %Unextractable HMW and free S-H content 

statistically significant differences at P < 0.05, respectively.  

 

The recovery of added PPs decreased in the order of BPE+HM > KPE+HM > KPE+HM 

new > BPE+HM new > APE+HM > APE+HM new>Spiked (Table 3.2). At the standard 

water content of bread formulation, the recovery of added PPs decreased in the order of 

BPE+HM > KPE+HM > APE +HM (the same trend as seen for bread volume). When a 20% 

increased water content was used, the recovery of added PPs followed the order of KPE+HM 

new > BPE+HM new > APE+HM new (the same order as that of the %UHMW, opposite to 

that of bread volume). At either water content, APE+HM bread had the lowest recovery of 

added PPs, which may explain the highest firmness and lowest moisture content of the 

APE+HM bread. The addition of PPs to glutenin may have cleaved the disulfide bonds, 

causing a drastic decrease in protein molecular size and thus changes in rheological 
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behaviour of dough as reported in chapter 2. Loaf volume reflects the extent of dough 

expansion and the stretchability of the gluten–starch matrix (Gandikota & MacRitchie, 2005). 

The interactions between added PPs and/or pectin and bread proteins may strengthen the 

dough structure or weaken the gluten network, resulting in various discontinuities in the 

gluten–starch matrix which led to different degrees of coalescence of gas cells and also 

extractability of flour proteins detected in this study. 

 

3.3.2.2 Simplified “model” breads:  

 The SE-HPLC chromatogram of “Control model bread” (Formulation 1) show two 

protein fractions of EF and UEF (Figure 3.10). The UEF fraction of the “Control model 

bread” contained predominantly HMW proteins (i.e. from glutenins and gliadins, 

corresponding to 200–70 kDa (Singh, 2005)), with some HMW proteins also present in EF. 

There were small amounts of LMW proteins in the UEF, including glutenins (>100 kDa), 

gliadins (<100 kDa), albumins/globulins/ and methionine/isoleucine/serine (≤ 70 kDa), 

glutenin subunits (LMW-GS), which are the major constituent of gluten proteins (Belton et 

al., 1995; Singh, 2005; Wellner et al., 2005; Anjum et al., 2007). These three main protein 

components were all observed in “Formulations 2-6”, and the UEF seemed to contain more 

HMW proteins than the EF (Figure 3.10A-C, shows that chromatograms of Control, 

Formulation 2 & 3; “Formulations 4-6” not shown).  The EF for “Formulations 2-3” 

increased considerably, compared to “Formulation 1” (Control), and was composed 

predominantly of HMW proteins (Figure 3.10 B & C). This result suggests that the presence 

of added BPE and pectin facilitated a considerable increase in the quantity of extractable 

proteins. Moreover, a reduction in extractable protein (shown by the decrease in total area of 

the SE-HPLC profile) could be due to the small differences in moisture content of the 

different breads. Our previous study (Chapter 2, Sivam et al., 2011) reported different 

moisture contents of the breads with/without added BPE and pectin. So it is not particularly 

surprising to see differences in extractable proteins among the model breads present in this 

study.  
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Figure 3.10 Extractable and unextractable fractions for A) control (“Formulation 1”) 

model bread; B) “Formulation 2” model bread; C) “Formulation 3” model bread (λ = 214 

nm).  
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 The %UHMW of the “Control model bread” (Formulation 1) was the highest (90%, 

P < 0.05), followed by “Formulation 2”, “Formulation 3”, “Formulation 4”, “Formulation 5” 

and “Formulation 6” (Figure 3.11). The %UHMW of commercially available gluten 

ingredient (not baked) and flour ingredient (not baked) were found to be higher than 

“Formulations 2-6”. The “Control model bread” (Formulation 1) had the highest flour 

content, which explains the highest %UHMW of protein. The increase in unextractable 

protein during baking can be ascribed to the formation aggregates via protein cross-linking. 

BPE and pectin added to flour, and other bread ingredients all contributed to the formation 

of very large aggregates of protein in the model breads during baking. Gluten proteins 

assemble into large polymeric molecular structures and confer cohesive, visco-elastic 

properties to dough. Disulfide bond formation is responsible for the polymerization or 

aggregation reaction during heating (Schofield et al., 1983). At least two types of disulfide 

bonds are important for the formation of the dough gluten matrix during bread baking (Xu et 

al., 1999; Menkovska et al., 1987). Disulfide bonds have different reduction potentials (Xu 

et al., 1999). The presence of added BPE and pectin facilitated a reduction in the %UHMW, 

a result agreeing with the findings of Koh & Ng (2009) who reported that adding ferulic acid 

to dough caused an increase in the extractable protein fraction. This suggests that the added 

BPE and pectin influenced the formation and stability of disulfide bonds. The PPs in the 

added BPE, including anthocyanins, might inhibit or weaken the cross-linking of the protein 

network causing proteins to solubilise, or complex directly with proteins causing a reduced 

amount of protein cross-linking during bread baking.  

 

The absence of oil and salt in the bread formulation remarkably lowered the %UHMW, 

indicating their important roles in facilitating gluten cross-linking. Salt might help strengthen 

the dough through promoting the aggregation of glutenin and gliadins (possibly an inonic 

strength effect), and therefore the removal of salt would result in more solubilised proteins in 

the extractable fraction and consequently a reduction in %UHMW (Gujral & Singh, 1999; 

Haraszi et al., 2008). Gluten is normally generated by washing wheat flour dough with water 

and removing the flour starch (Bloksma & Bushuk, 1998). It is therefore understandable that 

the %UHMW for gluten (52%) was slightly higher (P < 0.05) than that in flour (48%), due to 

the co-occurrence of components other than gluten in flour and the nature of the gluten 

preparation process. After the replacement of wheat flour with wheat gluten and starch in 

“Formulations 3-6”, the pH of resulting “Formulations 3-6” ranged 3.2-3.7, compared to the 

pH 5.72 of “Control bread”, and 4.2 of “Formulation 2”.  These pH changes were caused by 
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the addition of BPE and pectin, which may have influenced the solubility of gluten proteins. 

Also, the solubilised proteins might have reacted further with the added BPE and pectins 

forming new PP-protein and/or PP-polysaccharide complexes. It is worth noting that 

sonication can solubilise proteins to different extent depending on the sonication time period, 

although sonication is unable to break all the disulfide bonds in the proteins of the baked 

samples especially those with very high MWs. Thus, a constant sonication power and time 

period was used in this study as described by Singh, 2005. 

 

The free SH- groups of flour (2.54 µmol/g) and gluten (4.62 µmol/g sample) are within 

the range of published data (Largrain et al., 2006; Singh and MacRitchie, 2004; Manu and 

Rao, 2008). A decrease in SH- group in „Formulation 1” compared to that of the flour, 

indicates that the bread making process has converted –SH groups into SS- bonds (Figure 

3.11). Interestingly, in the formulations 2-6, the –SH groups continued to drop despite the 

drop in UHMW values (unlike observed in real treated breads). The molecular breakdown 

observed in formulations 2-6, therefore one would expect an increase in SH- content, due to 

splitting interchain SS bonds, would normally create two new SH- bonds. However it was 

observed a decrease in SH content which suggests that the newly formed free SH groups 

react with each other to form new SS- bonds as was also observed by Singh and MacRitchie, 

2004. It is possible that the new SS- bonds are on the same molecular fragment 

(intramolecular) of the protein. While upon baking, normally the hydrophobic surface is 

exposed and probably they increase in surface causing the protein to aggregate. But since the 

formulations 3-6 are lower in pH, they caused proteins to depolymerise as explained in 

Figure 3.11. These depolymerised LMW units would facilitate to form intra molecular SS- 

bonds. It has been reported that the SH- content of ascorbate treated dough mixes, decreased 

their SH content upon baking (Nagao et al, 1981). It is also probable that compared to 

complex systems, the simplified models contain more diluted proteins, thus the opportunities 

to aggregate with other proteins decrease as explained by Weegels et al., 1994. In addition 

physical forces, covalent, non-covalent bonds and conformational rearrangements also 

possible with the LMW units. The literature regarding SH- and SS- contents of wheat protein 

somewhat contradictory, and no one has yet succeeded in obtaining confirmatory analytical 

evidence of the suggested loss SH-, SS- bonds (Tanaka and Bushuk, 1973; Hayta and 

Schofield, 2004). 
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Figure 3.11 Changes in %Unextractable HMW proteins and free S-H content as a 

function of bread formulation. Error bars are the standard deviation of the mean. 

Different uppercase (A-F) and lowercase (a-f) letters indicate the %Unextractable HMW 

and free S-H content statistically significant differences at P < 0.05, respectively.  

 

3.4 Conclusions  

TEPC, AA determinations and HPLC results suggest that ingredients used in bread 

formulation, including BPE, APE, KPE and pectins, can induce various changes in gluten 

protein secondary structure, which consequently influenced the extractability and stability of 

PPs and proteins in finished bread matrices. The measured antioxidant activity was mainly 

derived from the phenolics present in bread. The added pectin and/or phenolics were involved 

in the interactions between water and bread components during dough development and 

bread baking. The total antioxidant activity and TEPCs of the breads with added fruit 

phenolic extracts (especially with APE and BPE), detected by the FRAP assays, were higher 

than those of the control bread, breads with added pectin only and spiked breads (added with 

epicatechin). High Performance Liquid Chromatography (HPLC)-Mass spectrometry (MS) 

PP profiling revealed that baking caused oxidation of some added PPs such as quercetin and 

myricetin. Size-Exclusion HPLC analysis show that the free thiol groups in finished breads 

decreased with an elevated percentage of the Unextractable High Molecular Weight 
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(UHMW) proteins. In conclusion, the added pectin and PPs, and possibly the oxidation 

products of added PPs, affected the interactions between water and bread components 

(especially proteins), during dough development and bread baking, causing differences in 

bread cross-linking microstructure and textural properties and ultimately the extractability 

and/or stability of added PPs. The detected differences in the TEPC, AA, and extractability of 

added PPs and flour proteins may be associated with the changes of bread gluten cross-

linking network and the affinity or bonding status of bread biopolymers (e.g. proteins and 

polysaccharides) upon the addition of fruit PPs and pectin(s). In the next chapter, FT-IR, 

Raman and NMR spectroscopy will be used to attempt to elucidate these possible interactions 

between added PPs and pectin, and bread components including proteins, starch, non-starch 

polysaccharides, and other bread constituents (salt, oil, yeast and sugar). 
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Characterization of real and model breads revealed by Fourier 

Transform Infra Red (FT-IR) and Raman spectroscopy 

  

4.1 Introduction 

Previous chapter has shown that the addition of fruit polyphenols (PPs) and pectin fibres 

greatly influences the chemical, physical and structural properties of breads. In this chapter, 

we investigate the interactions among added pectin polysaccharides, PPs and bread 

components such as wheat proteins in different bread formulations. Two sets of breads with a 

20% difference in the water content were prepared in the absence (Control), or presence of 

pectin and/or fruit PP extracts (Treated). The model breads contained the key components of 

finished breads such as flour, yeast, sugar, salt, oil and water, with/without added pectin and 

blackcurrant PP extract (BPE). 

 

Breadmaking is a complex process consisting of mixing, fermentation, proofing and 

baking. During dough mixing, the mechanical energy imparted induces conformational 

changes in wheat proteins, such as breakage and formation of both covalent and non-covalent 

bonds e.g. hydrophobic and H bonds (Aït Kaddour et al., 2008). Baking involves heat and 

mass transfer, causing simultaneous physical, chemical and structural changes of bread 

components (Mondal & Datta, 2008; Tiwari et al., 2011). Baking also involves water 

evaporation, volume expansion, starch gelatinization, protein denaturation and crust 

formation (Manu & Prasad Rao, 2008). Water moves from hydrated gluten to starch granules 

resulting in the formation of H bonds via the three hydroxyl groups of the glycosyl residue of 

wheat starch (Ritota et al., 2008). Wheat proteins undergo structural changes because of their 

heat susceptibility (Belton et al., 1995; Hayta & Schofield, 2004). Baking causes thermally 

induced protein denaturation (Falcão-Rodrigues et al., 2005), and increased cross-linking and 

polymerization of gluten polymers due to increased sulfhydryl (SH) and disulphide (SS) 

interchange reactions (Lagrain et al., 2005).  

 

Wheat proteins including albumins, globulins, gliadins and glutenins constitute 7-15% of 

flour (Atwell, 2001). Gliadins impart viscosity to doughs and glutenins provide strength and 

elasticity for bread dough development (Toufeili et al., 1999). Glutenin polymers are made up 

of high and low molecular weight (HMW and LMW) subunits (Wellner et al., 2005). HMW 

subunits form an elastic backbone with inter-chain disulphide bonds, to which LMW subunits 
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attach via disulphide bonds (Shewry et al., 2000 & 2002). Gliadins can interact with the 

glutenin polymers via non-covalent hydrophobic interactions and hydrogen bonding (Wellner 

et al., 2003). Baking causes thermally induced protein structural changes and/or denaturation 

(Hayta & Schofield, 2004; Falcão-Rodrigues et al., 2005), and increased cross-linking and 

polymerization of gluten polymers due to increased sulfhydryl (SH) and disulphide (SS) 

interchange reactions (Schofield et al., 1983; Lagrain et al., 2005).  

 

PPs possess different chemical structures and polarity, containing multiple hydroxyl 

groups that can act as sites for conjugation to sugars, acids or alkyl groups (Rice-Evans et al., 

1996). Blackcurrants have a high anthocyanin content containing cyanidin-3-o-glucoside, 

cyanidin-3-o-rutinoside, delphinidin-3-o-glucoside and delphinidin-3-o-rutinoside (da Costa 

et al., 1998). Pectins differ in monosaccharide composition, degree of methyl esterification 

and acetylation, and are affected by matrix factors including pH and temperature. The degree 

of esterification influences the solubility and functionality of pectins (Whistler & BeMiller, 

1997). HM pectins normally require high concentrations of soluble solids (> 55%w/w) and a 

low pH (< 3.5) for gelation (Phillips and Williams, 2000). 

 

FTIR and Raman spectroscopy are complementary vibrational spectroscopic techniques 

that allow the study of the chemical composition and molecular structure of heterogeneous 

foods and biological materials (Yuen et al., 2009; Holse et al., 2011). These methods require 

very small amounts of sample (i.e. mg), are non-destructive and can be applied to study both 

dry and wet samples (Mauricio-Iglesais et al., 2009; Pereira et al., 2009). IR and Raman 

spectroscopy are based on the changes in the electrical dipole moment and polarisability of 

chemical bonds, respectively (Pistorius, 1995), and thus yield different vibrational 

spectroscopic information. FTIR and Raman spectroscopy can be used to analyse the 

secondary structures and conformations of protein/polysaccharides based on the characteristic 

absorption bands of specific functional groups contained within these biopolymers. The 

objective of this study was to explore the conformational changes in wheat proteins and 

polysaccharides in breads caused by the addition of fruit PPs and pectin using FT-IR and 

Raman techniques. The work also aimed to examine the complementarity of the two 

techniques for bread structure analysis. 
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4.2 Materials and methods 

4.2.1 Materials and chemicals 

Chemicals are the same as those listed in section 2.2.1.  

 

4.2.2 Preparation of real breads  

 Breads were prepared as described in section 2.2.2. Formulations prepared were 

Control, treated breads with 1:1 ratio (HM pectin: KPE or APE or BPE) at 6 %w/w named as 

KPE+HM, APE+HM and BPE+HM were selected for SE-HPLC. Increased water content 

(20%) breads preparations were made as described in section 2.2.3. A portion of each “real 

bread” was dried using a freeze dryer (Telstar Cryodos, Terrassa, Spain) and ground in a ring 

grinder (Bench Top Ring Mill, Rocklabs Ltd, Auckland, New Zealand) for subsequent 

analyses. 

 

4.2.3 Model breads preparation  

Model breads were prepared as described in section 3.2.4. 

 

4.2.4 Fourier transform infrared (FTIR) Spectroscopy  

FTIR spectra were obtained using the Perkin Elmer
®
 Spectrum

™
 100 FTIR spectrometer 

equipped with a universal Attenuated total reflectance (ATR) attachment. Spectra were 

collected over the range of 4000-650 cm
-1

 at a resolution of 4 cm
-1

, and 32 accumulated scans 

were co-added to produce a spectrum. All raw spectra were normalised using Sigmaplot 

(version 11.0) 

Curve fitting procedures were used to deconvolute the amide bands in the region of 1450-

1800 cm
-1

 of FT-IR spectra (Kauppinen et al., 1981; Byler & Susi, 1986). Normalised spectra 

were subjected to a multipoint linear base-line correction using the OMNIC software 

(Version 7.3, Thermo Electron Co-Operation). The spectra were curvefitted using the Grams 

32 (Version 5) software with Gaussian-Lorenzian mix function. The iterative data fitting was 

performed until a satisfactory „goodness of fit‟ was achieved. The relative peak areas (RPAs) 

of the absorbance bands were expressed as “percentage of the area of fitted region”.  

 

4.2.5 Raman Spectroscopy 

Raman spectra were taken on a Reinshaw RM-2 Raman microscope system, fitted with an 

Olympus (BH-2) 20× objective lens (ULWD). Raman spectra were excited using 785 nm 



Chapter 4                                                          Characterization-FTIR & Raman spectroscopy 

 

107 

 

radiation from diode laser and the laser power at the sample was approximately 5 mW. 

Spectra were collected over the range 200-3200 cm
-1

. In order to improve signal-to-noise 

ratio of the data, 40 scans were co-added to produce a spectrum. All data manipulation was 

performed with Grams 32 software using OMNIC (Version 7.3, Thermo Electron Co-

Operation).  

 

4.3 Results and discussion  

4.3.1 Real breads 

 4.3.1.1 Mid infrared spectroscopy 

a) FT-IR spectra for bread ingredients  

FT-IR absorbance spectra for the major bread ingredients are presented in Figure 4.1. All 

these samples were analysed in the dry state. In FTIR, functional groups within a molecule 

exhibit absorption bands at characteristic frequencies (Byler & Susi, 1986). Typical protein 

bands at 1633, 1529, 1437 and 1245cm
-1

 are observed as associated with Amide I (80% C=O 

stretch, 10% C-N stretch), Amide II (60% N-H bend, 30% C-N stretch and 10% C-C stretch), 

and Amide III (complex band resulting from several coordinate displacements), respectively 

(Van De Weert et al., 2001; Robertson et al., 2006; Li et al., 2006; Kaddour et al., 2008).  

 

In this study, all ingredients showed bands at 2800-3000 cm
-1

 due to C-H stretching 

modes, and a broad feature at ~3300 cm
-1

, due to intermolecular H-bonded and O-H 

stretching modes. The gluten spectrum had peaks centred at ~2921 and 3280 cm
-1

 region 

(CH, and NH or OH stretching modes, respectively). For flour, pectins, wheat starch (Figure 

4.1 A & B), additional features are observed around 800-1200 cm
-1

 which are characteristic 

for polysaccharides. The characteristic bands of starch are at 1010-1020 (intense), 1080 and 

1150 cm
-1

, which are associated with the coupled C-O and C-C stretching vibrations of the 

polysaccharide molecules (Figure 4.1A). The carbonyl group stretching of ester groups was 

observed at 1743 cm
-1

. Figure 4.1B shows the 1743 cm
-1

 band in the HM pectin spectrum was 

much more intense than the same feature in the spectrum of LM pectin, which agreed with 

the expected methylation content of the pectin ingredients (HM pectin 72.0% methylated, and 

LM pectin 38.5% methylated). Uronic acids are characterised by the carboxylic acid 

functionality which can lead to peaks at ~1740-1760 cm
-1

 (attributed to stretching vibrations 

of C=O in the free carboxyl group) for protonated carboxylic acid (COOH) and peaks at 

~1625 cm
-1

 for deprotonated COO
–
 groups (Manrique & Lajolo, 2002). Moreover, FT-IR 
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spectra for KPE, APE and BPE can be used as a “fingerprint” for these components. The 

spectra of these three fruit PP extract differed significantly in the ~2900, 1730, 1600-800 cm
-1

 

regions, reflecting the different chemical composition of these PP extracts. KPE contained 

mainly small phenolic acids such as caffeic acid disaccharide, hexoside, dimethyl-caffeic acid 

hexoside, and procatechuric acid (Sun-Waterhouse et al., 2009a & b). APE contained 

procyanidin, catechin, epicatechin, chlorogennic acid, phloridzin, quercetin and their 

conjugates (McGhie et al., 2005; Sun-Waterhouse et al., 2010a). BPE contained cyanidin-3-

o-glucoside, cyanidin-3-o-rutinoside, delphinidin-3-o-glucoside and delphinidin-3-o-

rutinoside (da Costa et al., 1998; Sun-Waterhouse et al., 2010b).  
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Figure 4.1A-B  Normalized FTIR spectra for ingredients used for breadmaking 
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b) FT-IR spectra for control and treated breads 

The FT-IR spectra for the freeze dried control and treated breads are shown in Figure 4.2. 

Freeze dried finished breads were used in the FTIR analyses, in order to reduce spectral 

interference from water. The presence of high moisture content in fresh bread would interfere 

with the examination of the Amide I band, since the H-O-H bending mode of water at 1642 

cm
-1

 overlaps with the Amide I band. Subtraction of water band is not practical as it would 

lead to an inadequate spectrum since the interaction of protein with water may alter the shape 

of water band considerably (Kaddour et al., 2008). The major differences in the FT-IR 

absorbance spectra for the freeze-dried breads are observed in the regions of 1500-1800, 

2800-3000, and ~3660 cm
-1

. Peaks within 1500-1800 cm
-1

 region are associated with Amide I 

and II signals of protein, carbonyl stretching modes of pectic polysaccharides and the O-H 

bending mode of water. This region is examined in detail using curve fitting routines in the 

next section.  

In the C-H stretching region in between 2800-3000 cm
-1

, bands at 2921 and 2847cm
-1

 due 

to C-H stretching vibrations were observed for all the breads. A big shoulder at 2981 cm
-1

 

was observed for “KPE+HM”, “BPE+HM” and “APE+HM” breads, with the feature being 

somewhat less intense for the “BPE+HM” bread (Figure 4.2). These features were not 

detected in the “Control” bread, or the “Control new” and “Treated new” breads (with 20% 

increased water). This vibrational band is assigned to a C-H stretching mode, the appearance 

of which was coincided with a sharp band at ~3660 cm
-1

. The latter band is characteristic of 

non-hydrogen bonded isolated hydroxyl groups, and is an asymmetric O-H stretching mode. 

It is beyond the scope of this work to assign these bands to particular components of the 

“KPE+HM”, “BPE+HM” and “APE+HM” breads. However, these bands clearly indicate that 

the presence of KPE, APE and BPE, the chemical composition of the finished bread, and 

likely the protein structure of the gluten network, caused an elevated intensity of these C-H 

and O-H stretching modes. These features were not observed when extra water was added to 

bread formulation, suggesting that adding extra water strongly influences the functional 

groups present in the finished bread, which in turn, will impact on the interactions among 

bread components responsible for bread structure.  

 

The characteristic peak at 1743 cm
-1 

assigned to the carbonyl groups of methyl esters was 

observed in all the FT-IR spectra of all the breads produced in this study. The peak intensity 

of the ester band at 1743 cm
-1

 in the “Control new” and “Treated new” was greater than that 

of the “Control” and “Treated” breads, except for the BPE formulations. The 20% increase of 
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water during formulation thus appeared to enhance the signal of 1743 cm
-1 

band. Results 

tentatively suggest that the addition of extra water during bread formulation may reduce ester 

hydrolysis or degradation during breadmaking. Such an enhancement of the 1743 cm
-1

 band 

was not seen in the case of BPE breads, possibly due to different chemical structure of PPs in 

BPE compared with those in KPE or APE, i.e. different number of carboxyl and/or hydroxyl 

groups (McGhie et al., 2005; Sun-Waterhouse et al., 2009a & b, 2010a & b).  

 

The two bands around 1643 and 1535 cm
-1

 were mainly associated with the flour proteins 

(e.g. gluten), and assigned to Amide I and II, respectively. Considerable variations in the line 

shapes of these bands were seen among the breads (detailed in the next section). Analysis of 

FTIR spectra between 1800-1500 cm
-1

 provides key information concerning the secondary 

structure of proteins (Anderle & Mendelsohn, 1987, Wellner et al., 1996, van Velzen et al., 

2003, Cai & Singh, 2004; Robertson et al., 2006). Since bread quality relates intimately to the 

structure of gluten network within the bread, a detailed analysis of this region was performed. 
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Figure 4.2 Normalized FTIR spectra for finished breads prepared using two different water levels during formulation (bands in circles were curve fitted 

and shown in Figure 4.3) 
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c) Amide I & II bands and secondary protein conformation analysis 

To analyse the structure of the gluten proteins contributing to the Amide I and Amide II 

bands, curve fitting methods were applied to the original spectra of breads over the region of 

1490-1800cm
-1

 (Figure 4.2). Figure 4.3 shows the curve fitting results of standard, increased 

water and spiked formulations to demonstrate the effect of added PPs and increased water 

content in bread on the conformation changes of glutens.  

 

For the control breads (Figure 4.3A & B), the Amide I band centred around 1650 cm
-1

 was 

shaped differently i.e. symmetrically for “Control” and asymmetrically for “Control new”, 

respectively. Curve fitting revealed that the Amide I band for the “Control” bread (Figure 

4.3A) had an absorbance maximum at ~1650 cm
-1

, composed of two similarly sized 

constituent peaks at 1659 and 1627 cm
-1

 (typical for -turns and -sheets that are strongly H 

bonded) (Byler & Susi, 1986; Mangavel et al., 2001). When water was increased by 20% 

(“Control new”), splitting of the peaks was evident by the complex lineshape which showed 

distinct features at 1649 cm
-1 

(a-helix H-bonded) and 1626 cm
-1 

(-sheets strongly H bonded) 

(Byler & Susi, 1986; Mangavel et al, 2001). The curve fitting analysis revealed a number of 

sub-bands (1649, 1626, 1681 and 1608 cm
-1

), reflecting conformational changes of the 

protein upon hydration (Figure 4.3B). The conformational changes led to dominant -helix 

structure, as well as random coil conformation from the glutamine side chains (which 

accounts for 35% of the total amino acids in wheat protein) (Venyaminov & Kalnin 1990; 

Belton, 1999; Wellner et al., 2005). Moreover, the 20% increase in water content during 

formulation caused a reduction in the Relative Peak Area (RPA) of the strongly H bonded -

sheet band at 1626-1627 cm
-1

 (from 47% to 15%) and the simultaneous formation of the 

constituent peak at 1681 cm
-1 

(Fig. 4.3A & 4.3B). The 20% water increase also intensified the 

band at ~1620 cm
-1

 which corresponds to the intermolecular β-sheet (Bylar & Susi, 1986; 

Popineau et al., 1994). The weak bands at 1685 and 1616 cm
-1

 in the “Control new” bread 

further indicated that the formation of an increased hydrated structure in the bread formulated 

with 20% increased water (Feeney et al., 2003; Wellner et al., 2003) as compared to the more 

aggregated structure of the “Control” bread. The co-occurrence of the highly intense band at 

1649 cm
-1 

(-helical structure) and weak peaks around 1685 and 1616 cm
-1

 (-sheets) in the 

“Control new” bread also suggested that the intramolecular H bonds were weaker for the 

bread with 20% increased water during formulation (Pezolet et al., 1992). For Amide II, a 

broad peak maximum around 1538 cm
-1

 was detected in both “Control” and “Control new” 
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breads, however, its component profile differed: 1538, 1518 and 1555 cm
-1

 in “Control”, 

while 1533 and 1510 cm
-1

 in “Control new”. The RPA of the component peak at 1538 cm
-1

 

for both control breads were similar, but the RPA of the peak at 1533 cm
-1

 for “Control new” 

increased, indicating the “Control new” bread had adopted an unordered structure.  

 

The “KPE+HM new” and “Control new” breads showed similar conformational changes, 

although the “KPE+HM new” bread had a greater RPA for the band 1626 cm
-1

 (Figure 4.3B 

& 4.3D). This was possibly due to the presence of stronger intermolecular H bonding 

between molecules and consequently more aggregation in the “KPE+HM new” bread.  

Interestingly, the “KPE+HM new” and “KPE+HM” breads differed in conformations: a 

decreased -turn content accompanied by increased -sheets were present in “KPE+HM 

new” compared to “KPE+HM”, and no characteristic peaks at 1640-1650 cm
-1

 

(corresponding to random coil structures) were evident (Byler & Susi, 1986). The RPA of the 

Amide II band at 1542cm
-1

 (assigned to -helices) was high in the “KPE+HM new” bread. 

These results suggest that “KPE+HM new” had adopted the helical structure with increased 

-sheets (-helices with strong H bonding due to 20% increased water). This helical structure 

would have been contributed from glutamines. The “APE+HM” bread had the highest RPA 

(62%) at 1651 cm
-1

, and this peak was reduced to 29% in “APE+HM new” bread (Figure 

4.3E & 4.3F). When the water level was increased by 20%, β-turn (at 1671 cm
-1

, 18% RPA) 

and -sheets (1627 cm
-1

, 36% RPA) became dominant. These results indicated the 

“APE+HM new” bread had adopted -turns with aggregated protein molecules.  

 

The FT-IR component peaks of the “BPE+HM” and “BPE+HM new” breads (Figure 4.3G 

& 4.3H) were different to each other, and very different from those of other breads. The 

“BPE+HM” bread might adopt a random coil structure, as the band at 1644 cm
-1

 (34% RPA) 

was strong and only a small amount of -turns (3%) were detected. When the water was 

increased by 20%, a less randomly coiled structure (RPA 7% at 1641 cm
-1

) with increase β-

turns (41% RPA) (Amide I) was observed. This secondary structure change, as a result of 

water increase, was further confirmed by the Amide II bands, which had a reduction of un-

ordered structure bands from 43% RPA (1534 cm
-1

) in “BPE+HM” bread to 29% (1529 cm
-1

) 

in the “BPE+HM new” bread. Moreover, there was little change in the -sheets when the 

water content of bread was elevated. The small -helical peak detected in the “BPE+HM” 
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bread was missing in the “BPE+HM new” bread, again demonstrating the important role of 

water in controlling protein conformational structure in breads.   

 

The curve fitting results of the bands in the regions of 1500-1700 cm
-1

 for all the breads 

are summarised in Table 4.1. The RPA of the constituent peaks of Amide I and II differed 

considerably with a 20% increase of water and also the type of PPs used. The main 

differences were associated with -helix, β-turn and -sheet conformations. RPAs calculated 

based on the Amide I and II bands are: “Control” (11%), “Control new” (26%), “KPE+HM” 

(22%), “KPE+HM new” (27%), “APE+HM” (27%), “APE+HM new” (32%), “BPE+HM” 

(28%), and “BPE+HM new” (25%). When the water was elevated by 20%, the RPA of this 

band increased except for the “BPE+HM new” (very similar to “BPE+HM”). “Control” bread 

had a non-zero RPA (11%, although being the lowest), possibly due to the presence of 

carboxylate components such as ferulic acid intrinsic to the flour (cf. TEPC of the “Control” 

bread in Figure 3.4, chapter 3). The band became more pronounced in all the other bread 

formulations, due to the 20% increase in water content, and/or the use of HM pectin (72% 

methylated) and added fruit PPs. The fruit PPs such as chlorogenic acid and coumaric acid 

containing carbonyl groups might also contribute to this absorbance band (Barron & Rouau, 

2008).  

When pure form of PP in the form of epicatechin was added (“Spiked” bread), almost 

equal sized peaks at 1651 cm-1 (α helices) and 1623 cm-1 (-sheets strongly H bonded ) with 

similar RPA (RPA 42%) (Figure 4.3I and Table 4.1). This was possibly due to the presence 

of stronger intermolecular H bonding between molecules and consequently more aggregation 

in the “Spiked” bread due to epicatechin.  Interestingly, the “Spiked” shows an absence of -

turn content and increased -sheets with no characteristic peaks at 1640-1650 cm
-1

 

(corresponding to random coil structures). The RPA of the Amide II band at 1541cm
-1

 

(assigned to -helices) was high in the “Spiked” bread. These results suggest that “Spiked” 

had adopted the helical structure with increased -sheets (-helices with strong H bonding).  
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Figure 4.3 FTIR spectra in the 1800-1450 cm

-1
 range for treated breads (A – I) 

 

Table 4.1 Curve fitting results for control and KPE breads with two water contents during 

bread formulation  

Bread 
Standard water content  20% Water increase 

Amide I Amide II Amide I Amide II 

 Signal assignment, RPA/width (cm-1) Signal assignment, RPA/width (cm-1) 

Control 
1659 (-turn), 53/48 
1627 (β-sheets, strongly H bonded), 47/44 
 

1555, 18/20; 
1538, 42/23; 
1518, 40/26 
 

1681 (β-sheets), 19/41; 1666 (β-turn), 2/15; 
1649 (α-helix  H bonded with water), 55/34; 
1626 (β-sheets strongly H bonded), 15/23, 
1608 (NH2  + hydrated extended chains), 9/26 

1594, 6/19; 
1533, 56/50; 
1538, 28/37; 
1510, 11/23 

KPE+HM 

1675 (β-turn), 18/27; 
1652 (α-helix), 35/27; 
1633 (β-sheets strongly H bonded), 21/23; 
1618 (β sheets, extended & intermolecular 
bonding), 26/27 

1599,42/32; 
1533, 23/27; 
1516, 6/13; 
1510, 26/10; 
1500,3/14 

1679 (β-sheets), 3/14; 
1686 (β-turn), 11/39, 
1669 (β turns), 0/4; 
1656 (α helix), 45/36; 
1626 (β sheets, strongly H bonded), 42/41 

1596, 40/26; 
1525, 5/50; 
1513, 3/5; 
1542, 34/33; 
1502, 17/13 

APE+HM 

1684 (β-sheets), 13/30; 
1651 (α-helix), 62/46; 
1636 (β-sheets, weakly H bonded), 3/10; 
1627 (β-sheets, strongly H bonded), 5/10; 
1616 (β sheets, extended and intermolecular 
bonding), 17/22 

1598, 56/30; 
1526, 25/ 30; 
1534, 5/14; 
1516, 8/9; 
1504, 7/14 

1686 (β-sheets), 4/17; 
1671 (β-turn), 18/20; 
1662 (β-turn), 4/10; 
1650 (α-helix), 29/24; 
1627 (β-sheets strongly H bonded), 36/31; 
1603 (NH2  + hydrated extended chains), 9/24 

1591, 1/5; 
1578, 25/64; 
1548, 52/11; 
1537, 6/14; 
1528, 6/15; 
1513, 9/21; 

BPE+HM 

1671 (β-turn), 21/30; 
1662 (β-turn), 3/14; 
1653 (α-helix), 1/7; 
1644 (β-turn, random coil), 34/27; 
1625 (β sheets strongly H bonded), 19/21; 
1613 (β sheets, extended & intermolecular 
bonding), 21/26; 
1605 (NH2 + hydrated extended chains), 1/8 

1585, 11/16; 
1534, 43/25; 
1514, 43/20; 
1500, 3/8.6 
 
 
 
 
 

1684 (β-sheets), 10/30; 
1658 (β-turn), 41/32; 
1649 (α-helix  H bonded with water), 1/7; 
1641 (β-sheets, weakly H    bonded), 7/14; 
1628 (β-sheets strongly H bonded), 20/26; 
1609 (NH2  + hydrated extended chains), 22/15 
 
 
 

1549, 22/15; 
1538, 15/9; 
1529, 29/12; 
1514, 29/14; 
1500, 5/10 
 
 
 
 

Spiked 

1679 (β-sheets), 14/33; 
1651 (α-helix), 42/39; 
1623 (β-sheets strongly H bonded), 42/37; 
1603 (NH2  + hydrated extended chains), 3/22 

1559, 1/3; 
1541, 53/32; 
1517, 47/29 
 

  

 
Note: Each cell of the table contains 1) signal assignment, 2) RPA /width (cm-1). 

Curve fitting applied to bands at 1745 cm-1 (CO stretch), 1700-1595 cm-1 (Amide I), 1580-1500 cm-1 (Amide II) (reduced ψ2 =2.77-
9.99; r2=0.004-0.007; standard error = 0.003-0.008). 
 
 

 
Fig. 5b 

Sivam et al 

Fig. 5a 

Sivam et al 

I 
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d) Analysis of polysaccharides bands 

The incorporation of fibre polysaccharides influenced bread characteristics (Cleary et 

al., 2007; Filipovic et al., 2007). The behaviours (including degradation) of added 

polysaccharides during breadmaking are affected by the type and MW of the polysaccharide 

(Cleary et al., 2007). Conformational changes have previously been observed in wheat starch 

during gelatinization and retrogradation (Wilson et al., 1988), and in rhamanogalaturonan I 

and II from pectins (Boulet et al., 2007). The FTIR spectra of Figure 4.4 shows a broad 

envelope at 1200-800 cm
-1

 which can be assigned predominantly to polysaccharides. Bands 

at 1076, 1016 and 994 cm
-1

 were found in all the breads (Figure 4.4). The intense band at 

1016 cm
-1

 is ascribed to the C-O stretching and CH2 twisting vibrations of –CH2OH units, 

respectively (Wang & Somasundaran, 2007). The shoulders at 1077 and 994 cm
-1

 may 

correspond to the C-O-H bending and C-O-C bond stretching mode of the glycosidic link and 

β-(1-4) linkages (Mathlouthi & Koenig, 1987). These bands were previously identified in 

wheat starch (Wilson et al., 1988), cell wall polysaccharides (Kacuráková et al., 2000), and 

oligosaccharides (Kacuráková & Mathlouthi, 1996). These absorption bands result from the 

wheat starch polysaccharides and also non-starch polysaccharides present in the breads 

including flour and added pectin. The normalised absorbance around 1100-900 cm
-1

 was 

slightly higher and sharper in “Control” bread than the other formulations, possibly 

suggesting a more ordered saccharide conformation with fewer conformations (and 

consequently smaller distribution of bond energies) in the “Control” bread. When PPs, 

especially those containing alcoholic –CH2OH groups, were added, they could be expected to 

interact with water, pectin and the intrinsic phenols in flour, forming H bonding interactions 

at various atomic length scales which would spread the distribution of C-O stretching 

frequencies and broaden the peaks. Interestingly, the 1100-900 cm
-1

 envelope was weaker in 

the “Control new” bread than in the “Control” bread. The starch molecules in flour absorb 

water upon hydration and then swell. The region of 1300-1200 cm
-1

 is sensitive to water, 

because of the role of intermolecular H bonding in molecular orientation of OH and CH2 units 

in CH2OH (Kacuráková & Mathlouthi, 1996). An increase in available water thus may have 

changed the bonding arrangement and diluted the signal (van Velzen et al., 2003).  
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Figure 4.4 FTIR spectra in the 1200-900 cm
-1

 range for a) breads with standard water content; b) breads with 20% increase in water. 
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4.3.1.2  Raman Spectroscopy 

Raman spectroscopic measurements on the freeze dried real breads qualitatively supported 

the results obtained by FT-IR spectroscopy. Raman spectra of the main bread components 

(Figure 4.5A) were collected to aid the spectral assignments in the finished breads (Figure 

4.5B). The Raman spectrum of flour was basically the combination of the spectra of wheat 

starch and gluten. The peaks at 1003, 1392-1454, and 1657 cm
-1 

that were detected in flour 

were also found in the spectrum of gluten but not in the spectrum of starch. Peaks around 

1003, 1262, 1447 and 1657-1675 cm
-1

 are protein bands as identified by Piot et al. (2001) and 

Sandras et al. (2009). The bands at ~1658 and 1262 cm
-1 

are due to Amide I and Amide II, 

respectively. The band at 1447 cm
-1

 is a C-H bending mode. The 1003 cm
-1

 may be a 

vibrational mode of the aromatic group of tyrosine in the gluten network, since the aromatic 

ring of phenylalanine gives rise to a band of the same position (1003 cm
-1

). Flour normally 

contains 62-72 g starch (with ~75% amylopectin), 6-13 g gluten, and 4~5g non-starch fibre 

polysaccharides per 100 g flour (Atwell, 2001). Distinct peaks around 858 and 435-448 cm
-1

 

were seen in the Raman spectra of the HM pectin ingredient. Two main bands at 1446 and 

338 cm
-1

 were detected in the spectrum of KPE (Figure 4.5B). No valid Raman spectra could 

be collected for BPE or BPE-enhanced bread, due to fluorescence of constituent compounds 

such as anthocyanins in BPE/APE which swamped the Raman signals. Fluorescence is one 

major limitation of Raman spectroscopy in the study of biopolymer systems. 

 

The Raman spectra of the control and treated breads (Figure 4.5B) are generally similar to 

that of the flour (Figure 4.5A), which is reasonable due to the predominance of flour in the 

bread formulation. The peaks at 478, 1003, 1262, 1339-1454, and 1656 cm
-1

 found in flour 

was also observed in “Control” bread. The “Control” and “Treated” breads had peaks at 

similar Raman shifts, except for the peak at 1003 cm
-1

 which was found in the spectra of 

gluten, flour and “Control” bread. This protein related peak disappeared in the “APE+HM” 

and “KPE+HM” breads, and not found in the starch, providing direct evidence for the 

interactions of APE+HM or KPE+HM with gluten. The peak at 1003 cm
-1

 may also be 

partially attributed to a mode of the unlinked C3-OH of the galactose 4-sulphate unit, or may 

be the C3-OH mode coupled with other modes (Malfait et al., 1989). 

 

Two broad peaks around 1255-1263 and 1334-1459 cm
-1

 were more intense in the 

“Control” bread than in the “Treated” bread, with those of “KPE+HM” bread being slightly 

stronger than “APE+HM” bread. A peak at ~1656 cm
-1

 was clearly discernable in the Raman 
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spectrum of gluten where the contribution of -helix Amide I was dominant. This peak was 

less intense in the APE and KPE formulations than in the “Control”, suggesting that the -

helix Amide I of gluten interacted with the APE and KPE, and the APE altered such a 

conformational structure of gluten to slightly greater extent than the KPE. Previous studies 

found that peaks around 1083, 941-944, 848-868 cm
-1

 are due to the characteristic stretching 

and bending vibrations of the X-C-1-H group (X=C-2, O-1, or O-5), and peaks at 1331-1339 

and 1455-1599 cm
-1

 are from the C-H and CH2-related modes (Vasko et al., 1972). The 

region of 1500-1200 cm
-1

 contains highly coupled vibrations and corresponds to the CH2, C-

6-O-H ad C-5-C-6-H modes, C-O-H and C-C-H groups (Mathlouthi & Koenig, 1987). 

  

The peak near 1350 cm
-1

 was also identified as the CO stretching and COH bending 

modes, and the band around 1460 cm
-1

 was attributed to a CH2 bending vibration (Malfait et 

al., 1989). The reduced intensity around 1255-1263 cm
-1

, and 1334-1459 cm
-1

 for the 

“Treated” breads suggested that the added PPs facilitated strong H bonding between water or 

pectin and/or PPs, thereby affecting the vibrations of CH2OH group. The band at 1455 cm
-1

 

in all the finished breads, which can be associated with the formation of -sheets Amide I or 

bending vibrations related to polysaccharides, suggests the involvement of the starch and 

gluten components of flour. The band at 1263-1255 cm
-1

 could be due to the vibrations of C-

1-O-H and/or the C-6-O-H (Vasko et al., 1972). These bands were not prominent in the PP-

breads, possibly due to the additional H bonding interactions in the presence of PPs, which 

further confirm the FT-IR findings that interactions generally take place at the OH group in -

CH2OH units than at the OH group from the pyranose ring of the sugar molecules. The CH2 

vibrations at 868 and 942 cm
-1

 clearly appeared in the spectra of all the breads, flour and 

starch. These peaks and the band at 1083 cm
-1

 were possibly derived from the C-O group of 

starch polysaccharides (Pereira et al., 2009). 
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Figure 4.5 Raman spectra for A) bread ingredients; B) finished breads. 

A 
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4.3.2 Possible interactions among bread components in the finished bread model 

 On the basis of the FT-IR and Raman results presented above, it can be concluded that the 

addition of PP extracts and an increase of water content in the formulation led to various 

secondary structure changes in bread protein structure, which consequently influenced the 

extractability and stability of the added PPs in the bread matrices.  

 

The increase in intermolecular -sheets when pectin and PPs were added, indicates protein 

aggregation as evidenced by a decrease in the volume of finished breads (Chapter 2 - Sivam 

et al., 2009; Sivam et al., 2011). When the water content was increased by 20%, the volume 

of the breads increased compared to the “Control” (Sivam et al., 2009). The “Control” bread 

had comparable amounts of  turns and  sheets (as indicated by the FT-IR signal at 1627-

1659 cm
-1

). By comparison with “Control breads”, the “KPE+HM” bread had more 

intermolecular sheet structures. A 20% increase in water led to extended hydrated 

conformations of proteins. In the “Control new” bread, a loose spiral structure was more 

likely, while the “KPE+HM new” bread could adopt the structure of aggregated proteins 

since -sheets were elevated to 33% at 1626 cm
-1

. Such a difference suggests a higher 

proportion of H bonded C=O in the flour gluten of the “KPE+HM” bread, as the side-chain 

C=O groups of glutamines (abundant in gluten) might form H bonds with the hydroxyl 

groups of added HM pectin and KPE. Glutens have charged groups, with which the ions may 

interact (Wieser, 2007). The PPs present in the KPE ingredient are mainly phenolic acids, 

small molecules with higher polarity (Rice-Evans et al., 1996; Sun-Waterhouse et al., 2009a 

& b). They are expected to be very mobile and easy attracted by charged bread proteins in a 

close proximity, and/or incorporated into protein networks with minimal steric hindrance. 

This may lead to a greater impact on the extractability and stability of PPs in bread matrices 

(i.e. a lower recovery of TEPC for KPE bread), and a reduction in steric/electrostatic 

repulsion allowing proteins to aggregate and strengthen the dough (as observed in rheological 

studies reported in Chapter 2 - Sivam et al., 2011).  

 

Both the  helical and random coil conformations were observed in all the formulations 

except for the “BPE+HM new” with 20% increased water, suggesting that helices 

(associated with the Amide I band) are more stable and prevalent in gluten proteins due to the 

presence of stronger intramolecular H bonds (Mangavel et al., 2001). For the “APE+HM” 

bread, the conformation of  helix was dominant although random coil might also co-exist. 
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When the water content was increased, the helix form decreased while the  sheets 

increased. For the “BPE+HM” bread, an unordered structure was present. An increase of 

water content by 20% reduced the unordered structure, but increased  turns from 21 to 41% 

and generated antiparrallel  sheets (10%). BPE contains high concentrations of PPs with 

high MW and lower polarity, e.g. proanthocyanins and anthocyanins (da Costa et al., 1998), 

which might have initiated different interactive mechanisms with gluten, forming higher MW 

complexes. Because of the steric hindrance, the hydroxyl groups of anthocyanins and pectin 

might form H bonds with the C=O and N-H groups of gluten repetitive domains (rich in 

glutamines). This would reduce the H bonding of the anthocyanins and pectin in “BPE+HM” 

with water, causing no variation in protein structure ( sheets, less unordered structure and 

more  turns) when the water level was increased by 20%. Proteins might have adopted a -

spiral structure which does not rely on H bonding for stabilization (Secundo & Guerriri, 

2005). Spiked bread on the hand, adopted a helical with strongly H bonded conformation. 

With the standard water content in Spiked bread, extended hydrated conformations were not 

possible. The added epicatechin, small molecules with higher polarity are expected to be very 

mobile and easily attracted by charged bread proteins with minimal steric hindrance, allowing 

proteins to aggregate and strengthen the dough (therefore reduced in volume of bread, 

Chapter 3).  

Furthermore, the carbonyl of the methyl ester groups (~1743 cm
-1

) was found to be more 

sensitive to intermolecular H bonding than the carbonyl of the acid groups (~1727 cm
-1

) 

(Patel et al., 1985). The intensity of the carbonyl groups of methyl ester (1743 cm
-1

) in the 

case of BPE were not affected by the 20% increased water, whereas, increased intensity was 

found in other formulations which might result from the H bonding between water and the 

carbonyl groups, rather than a conformation change (Casal et al., 1984; Blume et al., 1988). 

The carbonyl groups in the BPE bread might be involved in the H bonding with 

anthocyanins, thus minimal changes in the signals related to H bonding were detected due to 

the increase of water.   

The “Loop and Train” model was first proposed by Belton, 1999. Glutenins, one of the 

two main gluten proteins, are made up of high (60–90 kDa) and low (10–70 kDa) MW 

subunits that are rich in glutamine and proline (Wellner et al., 2005). HMW glutenin subunits 

have extended rod-like structure with 3 domains (~50-60 nm long), i.e. a large central 

repetitive regions that adopts a regular turn structure, and N-/C-terminal regions that 

contain cystein residues associated with -helix and inter-chain disulphide cross-linking (Li 



Chapter 4                                                          Characterization-FTIR & Raman spectroscopy 

 

126 

 

et al., 2006). The turn of HMW glutenin subunits could be organised to give regular β-

spiral structure (Shewry, 2002). The “Loop and Train” model proposes that protein-protein 

interactions occur via H bonding of glutamine residues in the -spiral structures upon 

hydration. The “train” region is associated with -sheets while the “loop” with extended 

hydrated -turns (Belton, 1999). When the water level increases, the system gets plasticized 

allowing -turns in adjacent -spirals to form interchain -sheets. Further hydration breaks 

some interchain H bonds between glutamine residues leading to the formation of loops. 

“Loop and Train” models for the “Control” and “BPE” breads of this study are proposed in 

Figure 4.6. In “Control” breads, the dough gets sufficient water so the proteins form the 

“loop” where protein-water-protein interactions (-turns with helices) forms, and the “train” 

where protein-protein interactions (-sheets) are also formed (Figure 4.6A). As hydration 

proceeds, the “train” region in the -sheet conformation is reduced and the hydrated “loop” 

region would increase (e.g. the “Control new” bread). When PPs are added, the mobility of 

the hydrated segments, which was initially high, will be reduced, and a competition among 

protein, PPs and pectin for water is likely. The competition of protein-protein, protein-water, 

PP-water, pectin-water and starch-water is determined by the availability of binding partners 

including PPs and pectin. Increased intermolecular contacts and binding sites for H bonding 

to form extended chains are possible when PPs and pectin were added, due to their 

interference with the initial bonding/affinity. Protein-polysaccharide complexes via H-

bonding or hydrophobic interactions are also possible in this study (Doublier et al., 2000). 

Water could be evenly distributed, or bound/linked to bread components such as pectin, 

protein (hydrophobic pockets) and/or PPs (Figure 4.6B). Given the dynamic nature of the 

structures adopted by the repetetive gluten domains, it is impossible in this study to fully 

confirm whether the -spirals comprise only specific segments or whole domains of gluten. 

The conformational changes in the protein backbone resulted from the additional H bonds 

with pectin and PPs, which, in turn, influenced the stability of added PPs during bread 

processing and the extractability of added PPs from various bread matrices. 
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Figure 4.6 Schematic representation of possible Loop and Train models for the a) control and 

b) BPE+HM bread. 
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4.3.3 Model breads 

4.3.3.1  Mid infrared spectroscopy 

a)  FT-IR spectra for simple bread models 

The FT-IR spectra for the freeze dried model breads are shown in Figure 4.7. Freeze dried 

samples were used to reduce spectral interference from water e.g. the O-H bending mode of 

water at 1642 cm
-1

 overlaps with the Amide I band (a key indicator of protein secondary 

structure) (Kaddour et al., 2008). The major differences in the FT-IR absorbance spectra for 

the freeze-dried bread formulations are observed in the region 1500-1800 and 2800-3000 cm
-

1
. Peaks within the 1500-1800 cm

-1
 region are associated with Amide I and II signals of 

protein, carbonyl stretching modes of pectic polysaccharides and the O-H bending mode of 

water. This region of the spectra is examined in detail below using curve fitting routines 

(Section b, below).  

In the C-H stretching region between 2800-3000 cm
-1

, bands at 2927 and 2856 cm
-1

 are 

seen for all the model breads, though these bands were very weak for “Formulations 5 & 6” 

(Figure 4.7). The absence of salt and/or oil in “Formulations 5 and 6” led to the attenuation of 

the signals at 2927 and 2856 cm
-1

, suggesting the important roles of salt and oil in the 

interactions among bread components and consequently gluten network development (Gujral 

& Singh, 1999; Haraszi et al., 2008). A small feature at 3015 cm
-1 

which again is assigned as 

a C-H stretching mode was also seen for “Formulations 1-4”.   
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Figure 4.7 FTIR spectra for control and treated model breads (F1-F6=Formulations 1-6). 

 

b)  Amide I & II bands and secondary conformation analysis 

Curve fitting procedures were applied to the FTIR spectra of Figure 4.7 over the region of 

1500-1800 cm
-1

, in order to gain information about the Amide I and II bands that are key 

indicators of protein secondary structure (Anderle & Mendelsohn, 1987, Wellner et al., 1996, 

van Velzen et al., 2003, Cai & Singh, 2004; Robertson et al., 2006).  The curve fitting results 

for “Formulations 1-6” as well as wheat flour and gluten are shown in Figure 4.8 and Table 

4.2.  

Flour and gluten both gave strong absorption bands at 1657 cm
-1

 (50% RPA) and 1651 cm
-1

 

(32% RPA), which reflect a  helical structure (Figure 4.8A & B; Table 4.2) as were also 

reported by Byler & Susi, 1986; Pézolet et al., 1992; Mangavel et al., 2001; Roberson et al., 

2006; Wellner et al. 2003; Li et al., 2006. The presence of  helices is further evidenced by the 

presence of Amide II band found at 1545 cm
-1

 (Naumann et al., 1993). The peak at 1666 cm
-1

 

in the “Gluten” spectrum indicates the occurrence of  turns which come from the glutamine 

side chains (accounting for 35% of the total amino acids in wheat protein) (Venyaminov & 

Kalnin, 1990; Belton, 1999; Wellner et al., 2005; Pommet et al., 2005). Both the “Flour” and 
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“Gluten” spectra contained a peak at ~1633 cm
-1

 assigned to intramolecular  sheets with the 

RPA being 18% and 20%, respectively, indicating intramolecular H bond interactions within 

proteins (Wellner et al., 1996).  Thus, wheat flour is rich in  helices with inter and 

intramolecular bonding, while the gluten ingredient which has been isolated from flour has  

helices with  turns as well as inter and intra molecular H bonding. The absorption at 1743 cm
-1

 

in the “Flour” spectrum (which was absent in the “Gluten” spectrum) (Figure 4.1) likely 

resulted from the amylopectin component of flour (~75% in flour starch) (Hizukuri, 1986).  

 

In the curve fitted FTIR spectrum of “Formulation 1” (Control bread), -turns were 

formed (1665 cm
-1

 band, 53% RPA) at the expense of  helix (1651 cm
-1

 band, RPA 

decreased from 50% to 16%), when compared to flour (Figure 4.8C). Equal amounts (16% 

RPA) of intra and inter molecular H bondings were evidenced by the bands at 1635 and 1618 

cm
-1

. Thus, it was possible that turns developed in the gluten protein conformation when 

the flour was mixed with other bread components such as water, yeast, sugar and oil. 

Formulation 1 had an intense signal at 1743 cm
-1

 due to amylopectin in the flour.  

 

 In the spectrum of “Formulation 2” that contained added BPE and HM pectin, the RPA 

of turns at 1666 cm
-1

 was  smaller (9% RPA) than that of “Control” (53% RPA), and  a 

band at 1645 cm
-1

 (indicating unordered structure) was detected (Figures 4.8D). “Formulation 

2” has less  helices (1656 cm
-1

, 9% RPA) and slightly more intermolecular H bondings 

(1618 cm
-1

, 21% RPA) (Figure 4.8D), compared to “Control” (Figure 4.8C). Such 

conformational changes were induced by the addition of BPE and HM pectin. The added PPs 

and pectin, as well as other polysaccharides from the ingredients, compete with flour proteins 

for water and also may attach to the hydrophobic pockets of gluten side chains, which led to 

the entanglement of glutamine side chains between neighbouring molecules and different 

parts of the same molecules. For “Formulations 2-6”, complex lineshapes were observed in 

the 1500-1780 cm
-1

 region (Figures 4.8D-3H), compared to the “smooth” curve of “Control” 

spectrum (Figure 4.8C). This further confirmed the impacts of the added BPE and pectins on 

these breads.  

 

For “Formulation 3” in which flour was replaced with gluten and starch, the overall 

intensity of Amide I band was reduced almost one third and contained relatively weak signals 

at 1667, 1657, 1642, 1632, 1619 and 1603 cm
-1

 (12-15% RPA). Another remarkable 
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difference in the FTIR spectra between “Formulation 3” (Figure 4.8E), and “Formulation 1”, 

“Formulation 2” and the “gluten ingredient” (Figures 4.8A, C & D), was the disappearance of 

Amide II band. These results suggest that other components (rather than gluten) in flour such 

as albumins, globulins, prolamin, glutelin and non-starch polysaccharides also influenced the 

gluten protein conformation and cross-linking.  

 

The removal of yeast and sugar mixture from “Formulation 3” (Figure 4.8E) resulted in 

“Formulation 4” (Figure 4.8F) and did not alter the FTIR spectra (including the absence of 

Amide II band), but led to two-fold increase in the intensity of absorption at 1743 cm
-1 

and 

Amide I band at 1600-1700 cm
-1

. The amount of the  turns (at 1669 cm
-1

) and  helices (at 

1653 cm
-1

) in “Formulation 4” increased. The carbonyl of the methyl ester groups 1744 cm
-1

) 

was found to be more sensitive to intermolecular H bonding than the carbonyl of the acid 

groups (~1726 cm
-1

) (Patel et al., 1985). An increased intensity might result from H bonding 

between water and the carbonyl groups, rather than a conformation change (Casal et al., 

1984; Blume et al., 1988). The removal of yeast and sugar, thereby eliminating fermentation 

and the release and entrapment of CO2 in “bread” system (Mondal & Datta, 2008), would 

have impacted on dough pH and bread structure.  

 

Removal of oil from “Formulation 4” generated “Formulation 5”. The FTIR spectrum of 

“Formulation 5” (Figure 4.8G) was dominant by Amide I band, with turns and  helices 

having a greater portion of intermolecular H bonding (1619 cm
-1

, 28% RPA). Removal of oil 

suppressed the signal at 1743 cm
-1 

and resulted in the reappearance of the absorption bands of 

Amide II. It is well-known that the removal of oil facilitates interactions among hydrophilic 

molecules. During breadmaking, oil modifies the surface properties of baking ingredients and 

influences CO2 stability in dough (Sroan et al., 2009). When oil is removed, water molecules 

move more freely and can more easily approach gluten, causing increased -sheets which in 

turn stabilizes the -turns. This is evidenced by the reappearance of Amide II bands in 

“Formulation 5” (Figure 4.8G). Uronic acids are characterised by the carboxylic functional 

groups which are identified peaks at ~1743 cm
-1

 and ~1725 cm
-1

 (Manrique & Lajolo, 2002). 

In the absence of oil, the increased temperature occurring during baking might induce 

demethylation of pectin, and thus suppressing the signals at 1743 cm
-1

. 
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“Formulation 6” (Figure 3H) was generated by further removing salt from “Formulation 

5” (Figure 4.8G). The removal of salt led to attenuation of the Amide II band in Figure 4.8H. 

Figure 4.8H resembles Figure 3G in the absorption at 1743 cm
-1 

and Amide I band at 1600-

1700 cm
-1

, although the intensity of Amide I bands of “Formulation 6” were ~1.6 times 

greater than those of “Formulation 5”. There was also a corresponding increase in  turns 

(41% RPA) (Table 4.2). In the presence of salt (“Formulation 5”, Figure 4.8G), the decrease 

in  turns (1667 cm
-1

, 8% RPA) was accompanied by the increase in inter and intra molecular 

 sheets suggesting protein aggregation. In the spectrum of “Formulation 6” (Figure 4.8H), 

the band due to turns at 1662 cm
-1

 (indicative of non H-bonded carbonyl groups of  turns) 

did not lose intensity, whilst at the same time a strong peak at 1617 cm
-1

 (assigned to 

intermolecular H bonding) appeared. The removal of salt led to a low concentration of ions in 

the system. This potentially influenced the reactivity of BPE‟s PPs which possess different 

polarity (Rice-Evans et al., 1996), the gelation of HM pectin which requires high 

concentrations of soluble solids (Phillips & Williams, 2000) that generated more solubilised 

proteins (Gujral & Singh, 1999; Kim & Bushuk, 1995; Wellner et al., 2003). Consequently, 

PPs and pectic polysaccharides could not form H bonds with gluten, due to the length 

constraints caused by steric hindrance as well as the lower molecular weights of -sheets in 

peptides (Feeney et al., 2003). This finding agrees with the results of SE-HPLC. The absence 

or presence of salt caused changes in gluten protein structure especially in the backbone 

between H bonded and free (solubilised) chains. In the presence of salt, the gluten proteins 

might adopt a loose structure with  turns (41% RPA) containing extended H bonding 

(Figure 4.8H). Wellner et al. (2003) reported that the increase of salt concentration to 0.2 M 

caused a slight rise in the intermolecular -sheets content and a decrease in  turn structure, 

which is consistent with the findings here. It is interesting to note that pectic polysaccharides 

and PPs could approach regions that are repetitively organised (-turns in spiral forms) to 

form H bonds. The weak Amide II region in “Formulation 6” strongly suggests that in the 

absence of salt, the addition of water along with PPs and pectic polysaccharides did not cause 

remarkable changes in the H bonding patterns of gluten proteins. 
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Figure 4.8 FTIR spectra with curve fitting results for flour, gluten and model breads (A-H). Curve fitting applied to bands at 1745 cm
-1

 (CO 

stretch), 1700-1595 cm
-1 

(Amide I), 1580-1500 cm
-1

 (Amide II) (reduced ψ
2
 =2.77-9.99; r

2
=0.004-0.007; standard error = 0.003-0.008).  
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Table 4.2 Curve fitting results for ingredients and simplified model breads 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note: Each cell of the table contains 1) signal assignment (cm-1), 2) RPA /width (cm-1). 
 

 

 

 

 

 

 

Sample Amide I Amide II 

 Signal assignment, RPA/width (cm-1) 

Gluten 

1681 (β sheets, antiparallel), 12/25; 
1666 (β-turn), 4/25; 
1651 (α helix), 32/30; 
1631 (β strands, strongly H bonded), 18/27; 
1617 (β sheets, extended and intermolecular bonding), 16/27; 
1603, 18/33 

1545, 31/26; 
1526, 38/24; 
1513, 13/15; 
1500, 19/18 
 

Flour 

1684 (β sheets, antiparallel), 5/23; 
1657 (α helix), 50/40; 
1632 (β strands, strongly H bonded), 20/34; 
1611, 25/42 

1570, 20/35; 
1548, 26/23; 
1535, 25/ 21; 
1518, 29/30 

Formulation 1 
(Control) 

1665 (β-turn), 53/46; 
1651(α helix), 16/28; 
1635(β strands, strongly H bonded), 16/27; 
1618 (β sheets, extended and intermolecular bonding), 16/34 

1538, 84/38; 
1511, 13/13 
1500, 3/5 

Formulation 2 

1676 (β-turn), 21/27; 
1666 (β-turn), 9/14; 
1656 (α helix), 11/12; 
1645 (Unordered structures), 14/14; 
1633 (β strands, strongly H bonded), 17/18; 
1618 (β sheets, extended and intermolecular bonding), 21/21; 

1601, 7/22 

1559, 5/8; 
1545, 38/19; 
1536, 5/8; 
1527, 14/11; 
1516, 38/19 
 
 

Formulation 3 

1681  (β sheets, antiparallel), 2/9; 
1666 (β-turn), 12/19; 
1655 (α helix), 15/12; 
1646  (Unordered structures), 12/9; 
1639  (β strands, weakly H bonded), 12/10; 
1630 (β strands, strongly H bonded), 15/13; 
1618 (β sheets, extended and intermolecular bonding), 12/14; 
1605, 21/27 

1595-1500, 0/0 

Formulation 4 

1681  (β sheets, antiparallel), 1/9; 
1669  (β-turn), 20/22; 
1653  (α helix), 22/19; 
1641 (β strands, weakly H bonded), 13/14; 
1633 (β strands, strongly H bonded), 10/14; 
1626 (β strands, strongly H bonded), 8/11; 
1617  (β sheets, extended and intermolecular bonding), 10/14; 
1605, 16/26 

1595-1500, 0/0 

Formulation 5 

1678 (β-turn), 17/27; 
1667 (β-turn), 8/14; 
1654 (α helix), 18/16; 
1642 (β strands, weakly H bonded), 13/14; 
1632  (β strands, strongly H bonded), 16/16; 
1619 (β sheets, extended and intermolecular bonding), 27/25 

1536, 77/29; 
1514, 23/26 

Formulation 6 

1694, 1/14; 
1681 (β sheets, antiparallel), 0.4/5; 
1662 (β turns), 41/37; 
1647 (α helix, H bonded with water), 16/22; 
1633 (β strands, strongly H bonded), 16/20; 
1617  (β sheets, extended and intermolecular bonding), 25/27 

1596, 100/22 
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4.4 Conclusions  

FTIR and Raman spectroscopy are useful complementary tools for exploring the secondary 

conformations and structure of gluten proteins and polysaccharides in finished bread systems. 

Results show that adding pectin and PPs caused changes in the molecular conformations and 

polymer structure of wheat gluten and starch in the finished breads, especially in the secondary 

protein conformation (Amide I & II, as revealed by FTIR Spectroscopy). An increase of water 

content during dough formulation also affected secondary protein conformation. The Treated 

breads gained β-sheets in the protein‟s secondary conformation at the expense of β-turns, and 

contained more un-ordered conformations especially in the presence of berry PPs. These results 

were confirmed by complementary Raman spectroscopic measurements. Both hydrophobic and 

H bonding interactions occurred among bread components and the added PPs and pectin, which 

affected PP stability during breadmaking and the total extractable PP content of finished 

breads. Schematic Loop and Train models for breads enhanced with PPs and pectin are 

proposed that illustrate the possible conformational changes in wheat protein structure due to 

the presence of added PPs and pectin. 

 

The results obtained for bread models suggest, the influence of individual bread constituents 

on the conformational structures of flour proteins that were evidenced from the associated 

alterations in gluten protein‟s amide I and II bands, as well as carboxylic group absorption at 

1743 cm
-1

. The results showed the conformation of proteins varied between flour, gluten and 

different formulations. When flour is replaced with gluten and starch, the overall intensity of 

amide I band is reduced showing weak shoulders at 1667, 1657, 1642, 1632, 1619 and 1603 

cm
-1

 (12-15% Relative Peak Area-RPA) with disappearing of amide II. This would suggest that 

gluten being the important functional component has undergone conformational change 

compared to flour added formulations. In conclusion, interactions occurred among the 

components that have been included in a functional bread system. The composition of a recipe 

as well as the order of ingredient addition both influenced the properties of obtained bread 

system. 
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Characterization of real and model breads revealed by ESEM 

and solid-state CP/MAS 
13

C NMR spectroscopic study 

 

5.1 Introduction 

The previous chapters reported how the added fruit PPs and pectin fibre polysaccharides 

may interact chemically with bread components (e.g. wheat flour) during dough formulation, 

processing and/or baking, thereby affecting the quality, rheological properties, and the 

conformations of gluten proteins of the finished bread (Sivam et al., 2011a & b). This present 

study further examines the changes in wheat starch caused by the addition of PPs and pectin. 

 

Wheat starch comprises 63-72% of wheat flour (Atwell, 2001), containing two structurally 

distinct polysaccharides: 1) amylose, essentially a linear α-1,4 linked glucan which is 

relatively amorphous and tends to form helices containing ~4000 glucose units; and 2) 

amylopectin, a partially crystalline α-1,4 linked glucan with some α-1,6 branch points, which 

is larger and highly branched containing less helices and ~100,000 glucose units (BeMiller 

and Whistler, 1996). Amylopectin strongly influences the properties of foods that contain a 

substantial amount of starch during processing and storage (Yu et al., 2011). Amylose and 

amylopectin are packed into starch granules that are partially crystalline and partially 

amorphous in structure. The amylopectin molecules within starch granules provide 

„crystallinity‟ (clusters of long-range order composed of short branched double helical 

crystallites). Starch adopts a variety of crystalline structures (Figure 5.1): A-type (large 

granules of 20–45 µm diameter, double helices of amylose and amylopectin with two repeat 

six glucose units, typical for amylopectin having short lateral chains and branching points 

close to each other), B-type (spherical shape of 1–3 µm diameter, comprising double helices 

of amylose and amylopectin with two repeat six glucose units, typical for long side chains 

and distant branching points), C-type (a mixture of A and B-type crystalline structures), and 

V-type (single helices with a 0.8 nm helix pitch, composed of six glucose units) (Imberty and 

Perez 1988; Imberty et al., 1988; Hoseney, 1994; Atwell, 2001). In starch granules, the 

polymer chains are strengthened by crystalline junction points in the rigid network. Water 

plays an important role in the structural changes of starch granules during breadmaking 

(Primo-Martin et al., 2007). Hydration results in substantial mobilization of the 

polysaccharides in the amorphous regions. When starch is placed in water, the starch granules 

swell (i.e. their volume increases) (Atwell, 2001). If the starch/water system is heated below 
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its gelatinization temperature, little change will occur; but if heated to 52–85C, the 

crystallinity and birefringence of the granules is lost due to gelatinization (Atwell, 2001). 

After prolonged heating, the amylose and amylopectin are released and dispersed due to the 

breakage of starch granules (a process called pasting). On cooling, the starch molecules can 

re-associate, and realignment of the linear chains of amylose and the short chains of 

amylopectin occur forming new crystals (a process called retrogradation). Retrogradation is 

most rapid with amylose and much slower and more incomplete with amylopectin due to the 

short chain length of its branches (Jenkins and Donald, 1998). During bread baking, starch 

gelatinization, pasting and retrogradation all occur (Kim et al., 2004). Various mechanisms 

related to water redistribution during baking have been proposed, among which water is also 

thought to move from hydrated gluten to gelatinized starch granules, and the three hydroxyl 

groups of the glycosyl residue of wheat starch form hydrogen bonds with water (Ritota et al., 

2008).  

 

 

Figure 5.1 Schematic representation of amylopectin clusters: CL, crystalline lamellae; AL, 

amorphous lamellae; AV, amylose and V-type amylose (modified from Tang & Hills, 2003). 

 

There are a variety of techniques such as X-ray diffraction, Differential Scanning 

Calorimetry, Raman and CP/MAS 
13

C NMR spectroscopy for characterizing the 

microcrystallinity of materials including starches (Zhang et al., 2006; Tan et al., 2007; 

Waterhouse et al., 2008; Yu et al., 2011). Solid state CP/MAS 
13

C NMR can reveal the 

packing type of starch granules via the characteristic C-1 resonance of different crystalline 
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starch polysaccharides, and the increase in NMR spectral resolution for polysaccharides due 

to hydration which reduces conformational distribution and signal intensity of amorphous 

starch (Gidley and Bociek, 1985; Tan et al., 2007). Scanning electron microscopy (SEM) 

such as Environmental SEM (ESEM) is invaluable for examining the microstructure of cereal 

grains, wheat flour and derived products including breads (Lujan-Acosta and Moreira, 1997; 

McDonough and Rooney, 1999; Roman-Gutierrez et al., 2002).  The previous FTIR, Raman, 

High Performance Liquid Chromatography (HPLC) and Size Exclusion-HPLC studies 

(Sivam et al., 2011a and b; Chapter 4) have demonstrated that the added fruit PPs and pectin 

may interact chemically with bread components (e.g. wheat flour) during dough development 

and baking, thereby affecting the physicochemical and rheological properties, the 

conformations of bread proteins and some bread polysaccharides, and the extractability and 

stability of PPs and bread proteins. Adding PPs and pectin facilitated complex hydrogen 

bonding interactions in bread dough at various atomic length scales, between water, pectin 

and flour components, and as a result produced breads with more variable protein 

conformations and overall less order than a control bread prepared in the absence of PPs and 

pectin. This study extends the previous work, and uses ESEM and solid state CP/MAS 
13

C 

NMR to examine the structural characteristics of bread polysaccharides, especially starch, in 

different breads formulated with or without added pectin and PPs. 

 

5.2 Materials and Methods 

5.2.1 Materials and chemicals 

Chemicals are the same as those listed in section 2.2.1.  

 

5.2.2 Bread preparation and quality attribute evaluation 

 Breads were prepared as described in section 2.2.2. Formulations prepared were 

Control, treated breads with 1:1 (HM pectin: KPE or APE or BPE)  ratio at 6 %w/w named as 

KPE+HM, APE+HM and BPE+HM were selected for SE-HPLC. Preparations of increased 

water content (20%) breads were made as described in section 2.2.3. A portion of each “real 

bread” was dried using a freeze dryer (Telstar Cryodos, Terrassa, Spain) and ground in a ring 

grinder (Bench Top Ring Mill, Rocklabs Ltd, Auckland, New Zealand) for subsequent 

analyses. 
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5.2.3 Model breads preparation  

Model breads were prepared as described in section 3.2.4. 

 

5.2.4 The preparation of breads spiked with purified phenolic compounds 

 Breads were prepared as described in section 3.3.5 

 

5.2.5 Optical and environmental scanning electron microscopy (ESEM) examinations 

The freshly prepared bread crumb was examined by optical microscopy using a Nikon 

Eclipse E600 microscope equipped with a Nikon Coolpix 995 3.34 mega pixel camera 

(Nikon corporation, Chiyoda-ku, Tokyo, Japan) (Figure 5.2). The crumb of each bread, after 

storage in a sealed plastic bag at 10 °C overnight, was examined at higher magnification 

(1600×) by ESEM: Crumb samples were placed directly onto the sample stage of a FEI-

Quanta-200F ESEM (FEI, Hillsboro, OR, USA). 12 representative samples for each bread 

formulation (1 sample collected from the centre of each half of the bread crumb, with 2 bread 

slices randomly selected from each of the 3 loaves for each bread formulation), were taken at 

a chamber water pressure of 4.7 Torr and at a temperature of 5 ºC.  

 

 

Figure 5.2 a) ESEM, b) Metal disc sample holder – the arrow shows the position for 

     placement of the sample. 

 

 

 

 

b a 
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5.2.6 Solid state CP/MAS 
13

C NMR spectroscopy 

The finished breads, whose moisture contents (Table 5.1) were determined through freeze 

drying, were ground into fine powder and subjected to solid-state NMR experiments. The 

NMR experiments were carried out using a Bruker AVANCE 300 spectrometer operating at 

300.13 MHz proton frequency with a 7 mm Bruker spinning probe and zirconia rotors. 

Spectra were obtained using the standard CP MAS (Cross-Polarization Magic Angle 

Spinning) technique with 1400 scans. The magic angle was adjusted by maximizing the 

sidebands of the 
79

Br signal of a KBr sample. The proton 90
o
 pulse duration was 4.3 μs and 

the contact time was 1 ms.  The spectral width was 40 kHz. The samples were rotated at 4000 

 1 Hz. The 
13

C chemical shift scale was calibrated by using the carbonyl peak (at ~176 ppm) 

of glycine as external reference. The water content of bread at the time of analysis was 

determined by taking a portion of each bread for freeze drying concurrently with the NMR 

analysis.  

The 40-125 ppm region of the CP/MAS 
13

C NMR spectrum for each bread was subjected 

to peak fitting (Version 4.9.9.9 MestRe-C software; Gaussian-Laurentzian mix). The 

“Proportion of the C4 Peak” was calculated following the method of Bogracheva et al. (2001) 

and expressed as the percentage of the C4 peak area to the total peak area of each spectrum 

(PPA). The “Relative Crystallinity Percentage (RCP)” was calculated using the method of 

Paris et al. (1999), and expressed as the percentage of the fitted peak areas of the C1 peak at 

99-101 ppm to the total peak area of the C1 resonances.  

 

5.3 Results and Discussion 

5.3.1 ESEM and optical microscopy examinations  

The structure of crumb is one of the most important attributes that determines bread quality 

(Farrera-Rebollo et al., 2011). Optical microscopy (Figure 5.3 right) showed that there was 

minimal difference in microstructure i.e. porosity, cell density, cell size and distribution 

among the control and fortified breads formulated with a standard water quantity, except that 

the “APE+HM” bread had a slightly larger average pore size than the other breads. The 

optical microscope images were representative of each bread formulation, as determined by 

examining 2 bread slices of each of the 3 bread loaves for each formulation in Table 5.1. This 

demonstrates that it is possible to incorporate PPs and pectin in breads at reasonably high 

loadings without adversely impacting on bread quality. 
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For each bread formulation (i.e. the control bread, the KPE-, APE- or BPE-fortified 

breads, significant differences are observed between the microstructures of each bread dough 

(Figure 5.3 left) and its corresponding finished bread (Figure 5.3 centre) as revealed by 

ESEM. Comparing the ESEM micrographs for all the doughs after 45 min fermentation, 

minimal difference was observed: in each micrograph, both gluten protein strands (PS) and 

starch granules were clearly visible. The doughs were composed of densely packed large 

lenticular and small spherical starch granules held together by an adhesive gluten matrix. The 

starch granules remained intact after 45 min of fermentation, which indicates that minimal 

amylose/amylopectin leached from the granules during the fermentation step (Ben Aissa et 

al., 2010; Polaki et al., 2010). After baking, only a few starch granules (either deformed or 

damaged) were found in the finished breads (Figure 5.3 centre). The control bread had a 

smoother crumb structure than the fortified breads. For the control bread, a few disrupted 

spherical starch (SS) granules were observed, with a few protein strands (PS) still being 

visible, which agrees with the observations of Ozkoc et al. (2009) for oven baked breads. The 

“KPE+HM” finished bread showed densely packed air cells by optical microscopy, and 

ESEM revealed starch granules surrounded by a continuous protein matrix. The “APE+HM” 

bread differed most in bread morphology compared to the other breads, having no obvious 

protein strands, and a much less well-defined microstructure possibly as a consequence of a 

more continuous gelatinized starch network. The remaining starch granules in the 

“APE+HM” bread differed in size and shape (i.e. lenticular starch LS and spherical starch 

SS) (Parkkonen et al., 1994; Pomeranz et al., 1997). The arrows indicate some distorted 

starch granules, which are characterised by as scoop-shaped depressions on the surface of the 

starch granules (Kim et al., 2003). The “BPE+HM” bread appeared to have less uniform 

matrix with many starch granules in cluster form with some PS still being visible. The control 

breads prepared in this study had a higher concentration of wheat starch and proteins than the 

fortified breads, since in the preparation of the fortified breads 6%w/w flour was replaced by 

pectin (3%w/w) and fruit PPs (3%w/w) (i.e. KPE, APE and BPE 86, 14, 57%w/w total 

carbohydrate, respectively). The control bread contained at least 3% more carbohydrates than 

the fortified breads. The “APE+HM” and “KPE+HM” breads had the lowest and highest total 

carbohydrates in the fortified bread formulations, respectively. The addition of the same 

amount of different fruit PP extracts introduced different amounts (P < 0.05) of carbohydrates 

into the breads: 14, 57 and 86 g carbohydrate per 100 g for APE, BPE and KPE, respectively. 

The differences in carbohydrate content, e.g. 2.16% between the “APE+HM” and 

“KPE+HM” breads, might lead to small differences in bread porosity and density (Stauffer, 
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2007). The gluten network of bread dough is the key to bread microstructure, as it needs to be 

able to efficiently capture CO2 gas formed during fermentation. Results presented in Figure 

5.3 demonstrate that incorporating different fruit PPs and pectin into bread doughs, even at 

quite high concentrations, did not impact negatively to the extent that caused unacceptance of 

bread texture (Sun-Waterhouse et al., 2011), although the microstructure of the various 

finished breads did differ somewhat. The previous chapter (Chapter 2; Sivam et al., 2011c) 

shows that the control bread and “APE+HM” bread had the lowest and highest density (0.32 

and 0.43 g/cm
3
, respectively). The “APE+HM” bread dough was thus the least efficient in 

capturing CO2 gas during fermentation among the four breads, which reflected the fact that 

the control and fortified breads differed in their storage modulus G' (elasticity) and loss 

modulus G" (viscosity) (Chapter 2, Sivam et al., 2011b). The G' and G" of the fortified breads 

also depended on the type of PP extract, i.e. APE and BPE behaved very differently to KPE 

in terms of the degree of cross-linking between bread protein polymers upon heating (Chapter 

2; Figure 2.9, 2.10 & 2.11). 

 

The ESEM images (Figure 5.4) show the microstructure of the control and fortified 

finished breads formulated with a 20% extra water (the “New breads”). These breads differed 

significantly in morphology compared to the “Standard breads” (Figure 5.3):  More severe 

damage of starch granules and hence a higher degree of starch gelatinisation was observed for 

the “New breads”. All of the “New breads” had a swollen and more continuous crumb 

structure, with only a few deformed/damaged starch granule residues observed. Components 

such as starch granules, protein strands/filaments, as well as air spaces (gas cells) between 

particles that were seen in Figure 5.3 were not visible in Figure 5.4. Clearly, the hydrated and 

gelatinized starch granules and the surrounding gluten matrix became well integrated in the 

“New breads”, a process that is facilitated by the leaching of amylose out of the starch 

granules and their subsequent interactions with the gluten matrix. The “APE+HM new” bread 

had a well-defined contour and less swollen structure than the other “New breads”, with the 

“Control new bread” having the least well-defined microstructure. This suggests that the 

“APE+HM new” bread had the lowest degree of hydration during dough formulation and 

baking. Overall, the results of Figure 5.4 were consistent with the findings of the previous 

FT-IR and Raman studies (Chapter  4; Sivam et al., 2011a), which demonstrated the impacts 

of added PP extract and pectin as well as the water quantity used for formulation on bread 

protein secondary structure (e.g. -turn, -sheet, -helice conformations). It was also shown 
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that the extractability and/or stability of bread proteins and added PPs vary with added PPs. 

Fortified breads containing added PPs and pectin had greater amounts of unextractable 

proteins than extractable proteins, whereas the control bread had more extractable proteins 

than unextractable proteins (Chapter 3). Adding PPs and pectin to bread resulted in a greater 

crumb firmness and decreased the free S-H concentration, i.e. the “APE+HM” bread had the 

lowest PP recovery but the highest crumb firmness (Chapter 3). During ingredient mixing and 

dough formation, flour components including proteins, undamaged and damaged starch 

granules and non-starch polysaccharides (as well as added PPs and pectin for fortified breads) 

all absorb water, although to different degrees, producing an elastic hydrated gluten network 

containing embedded starch and yeast granules. When the crumb temperature reaches 60-70 

ºC during baking, water can migrate from the gluten to the starch and the starch is gelatinized 

to different extents depending on the bread formulation, e.g. the extent of starch 

gelatinization partly correlates with the amount of water in dough (Salmeenkallio-Marttila et 

al., 2004). The presence of polar PPs and their oxidation/degradation products would have 

enhanced the hydrophilic bonding (including H bonding with water) during breadmaking, 

limiting the water available for starch gelatinization / amylopectin retrogradation and likely 

modifying the structure of the crystals (Santos et al, 2008). Bread microstructure is thus 

closely associated with the type of added PPs and pectin and the quantity of water used for 

bread formulation, which in turn influences the extractability and conformations of bread 

proteins. 
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Figure 5.3 ESEM images (left, ×1600 magnification) of the bread doughs after 45 min 

fermentation. ESEM (centre) and optical microscopy (right, ×1600 magnification) images of the 

corresponding finished breads (control and treated). All the samples were formulated with 

standard water content. White arrows indicating protein strands (PS), gas cells (GC), damaged 

starch (DS), and scoop-shaped starch granules (lenticular starch, LS; spherical starch, SS). 
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Figure 5.4 ESEM images (×1600 magnification) of fresh finished control and treated breads 

with a 20% increased water content during formulation. White arrows indicating severely 

damaged starch. 

 

 

5.3.2 CP/MAS 
13

C NMR spectroscopic studies on finished breads  

5.3.2.1 CP/MAS 
13

C NMR spectra 

The CP/MAS 
13

C NMR spectra (Figure 5.5) of control and fortified breads formulated 

with two different water quantities were dominated by 
13

C resonances of the constituent 

monosaccharide residues from polysaccharides, predominantly starch (Gidley and Bociek, 

1985; Veregin et al., 1986; Horn et al., 1987; Cooke and Gidley, 1992; Morgan et al., 1992; 

Therien-Aubin and Zhu, 2009), with likely some minor contributions from non-starch 

polysaccharides like pectic polysaccharides (Dudley et al., 1983; Saulnier et al., 1988; Ryden 

et al., 1989; Colquhoun et al., 1990; Seymour et al., 1990; York et al., 1993; Ha et al., 1997; 

Hediger et al., 1999; Tang et al., 1999). A difference of 1-2 ppm in the CP/MAS 
13

C NMR 

signals of starch was observed between the bread samples of this study calibrated against the 

external standard glycine and those assigned to starch in aqueous solutions.
 

Control new bread KPE+HM new bread 

APE+HM new bread BPE+HM new bread 
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All of the
 
 CP/MAS 

13
C NMR spectra contained major resonances at 174-175, 103, 82, 73, 

62 and 20-40 ppm which can be assigned to the carboxyl carbon C6 (174-175 ppm) of 

galacturonic acids in pectic polysaccharides, C1 (103 ppm) of the α-(1→4) glucans in starch, 

C4 (82-83 ppm) of the α-(1→4) glucans in starch, C2,3,5 (73 ppm) of the α-(1→4) glucans in 

starch or C5 (73 ppm) of galacturonic acids in pectic polysaccharides, C6 (62-63 ppm) of the 

α-(1→4) glucans in starch, and the acetyl groups (CH3C=O) (20-40 ppm), respectively 

(Gidley and Bociek, 1985 and 1988; Morgan et al., 1992; York et al., 1993; Ha et al., 1997; 

Hediger et al., 1999; Tang et al., 1999). The resonance at 73 ppm was the dominant feature in 

all the bread spectra, and its intensity varied with the bread formulation. The normalised 

intensity of  73 ppm peak for the “Control”, “Control new”, “KPE+HM”, “KPE+HM new”, 

“APE+HM”, “APE+HM new”, “BPE+HM” and “BPE+HM  new” breads were in the 

proportion of 1.58, 1.28, 1, 1.09, 1.11, 1.04, 1.08 and 1, respectively. The intensity of the 73 

ppm peak for the “New breads” was generally lower than the “Standard breads”, except for 

the KPE- fortified breads. The signal at ~103 ppm (due to the C1 of polysaccharides) was 

slightly broader and less intense for the “New breads” than for the “Standard breads”, except 

for the “KPE+HM new” and “KPE+HM” breads (whose signals are comparable and sharp). 

A very weak signal peak at ~128 ppm (possibly derived from the HO=C structure of PPs) 

was observed in all the finished breads except for the “Control” bread. 

 

Non-polysaccharides such as flour proteins and added PPs might also contribute to the 

signals in a CP/MAS 
13

C NMR spectrum: chemical shifts of 10-40, 50-60, 115-158 and 172-

176 ppm for protein side-chain aliphatic carbon, CR methines, side-chain aromatic carbons 

and peptide carbonyl carbon, respectively (Garbow and Schaefert, 1991; Yoshimizu et al., 

1991), as well as 63, 110-135 and 173 ppm for the hydroxymethyl structure, protonated 

aromatic carbons and carboxyl groups of PPs, respectively (Yan & Stark, 2000). Resonances 

at 175, 164, 162, 157, 155, 148, 146, 142, 135, 126, 122, 116, 112, 102 and 96 ppm were 

detected for the quercetin dehydrate using solid-state CP/MAS 
13

C NMR (Sun, 2004). 

However, no or minimal signals were detected in this study at these chemical shifts (Figure 

5.5). Signals derived from flour proteins and PPs might be too weak to be detected, due to 

their low concentrations and their constrained environment in the fortified breads. The 

reduced mobility of PPs may also result from their interactions with polysaccharides in the 

bread matrices. It is also possible that bread proteins and PPs could influence the detected 

NMR resonances through altering the chemical environment and mobility of the carbons in 
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polysaccharides via molecular interactions (e.g. group specific reactions, H bonding and 

hydrophobic interactions) (Harris, 1993). 

 

In this study, breads were formulated with 61.7% high grade white wheat flour (wet wt. 

dough). The flour contains 66%w/w starch (amylopectin: amylose = 3 : 1), 4.8%w/w non-

starch polysaccharides, 11%w/w protein and 1.4%w/w lipids. For the fortified breads, 

6%w/w of flour was replaced with a combination of HM pectin and a fruit PP extract (KPE, 

APE or BPE) in a 1:1 ratio. Considering the concentrations of the flour starch, non-starch 

polysaccharides, proteins, and PP compounds in bread, it is understandable that the signals 

present in the NMR spectra of Figure 5.5 are dominated due to the wheat starch 

polysaccharides. The carbohydrates introduced to the bread system from the PP extracts were 

very small, i.e. < 3% (3% × 86% = 2.58% for KPE). The control bread had higher 

concentrations of wheat starch and proteins than the fortified breads, because of the 

replacement (6%w/w) of flour by fruit PPs and pectin in the fortified breads. Such 

replacement led to a greater pectic polysaccharide content in the fortified breads. There might 

be existing small variations caused by the differences in the bread carbohydrate content to the 

intensity of the 
13

C NMR signals (Figure 5.5). However, such variations would be 

insignificant. Moreover, the difference in moisture content among breads was less than 8.2% 

for the “Standard breads” and less than 1.9% for the “New breads”, thus unlikely causing a 

change in chemical shifts that is larger than 1 ppm (Hediger et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 CP/MAS 
13

C NMR spectra of control and treated breads with two different water 

contents during formulation (bands in circles were curve fitted and shown in Figure 5.6). 
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5.3.2.2 Peak fitting of CP/MAS 
13

C NMR spectra of real and model breads (at 40-125 

ppm) 

The cross-polarization contact time was set using previously published data (Gidley and 

Bociek, 1985). It is assumed that the major signal intensities of Ci (i = 1 to 6) sites are similar 

for contact times from 0.2 to 2 ms and that small conformational differences will not change 

a polarization transfer rate significantly. As a result, the spectra presented in this study 

(contact time 1 ms) are considered quantitative, as was shown previously for granular 

starches (Gidley and Bociek, 1985; Tang and Hills, 2003; Tan et al., 2007). The quantitative 

comparison of peak intensities carried out in this work should be reliable. Peak fitting 

procedures were applied to the 40-125 ppm region of the CP/MAS 
13

C NMR spectra (Figure 

5.5) in order to examine differences in the organization of wheat starch related 

polysaccharides. The peak fitting results (Figure 5.6) indicate some differences in the C1, C4 

and C6 resonances among the breads. The similarity in the signals at ~70-79 ppm suggests 

that only minor variations occurred to C2, 3, 5 for α-(1→4) glucans.  

 

The C1 resonance reveals the packing type and the nature of crystallinity of starch 

granules (Gidley and Bociek, 1985; Morgan et al., 1992; Atichokudomchai et al., 2004). In 

this study, the C1 resonance in all the breads‟ NMR spectra (Figure 5.6) shows a strong peak 

at ~103 ppm, indicating a V-type structure. V-type starch structure shows a single resonance 

for C-1 resulting from the complexation of amylose with compounds such as alcohols (e.g. 

the amylose-lipid complex) in the form of single helix (Gidley and Bociek, 1985 and 1988; 

Veregin et al., 1986; Horn et al., 1987; Cooke and Gidley, 1992; Morgan et al., 1992; 

Hoseney, 1996; Atichokudomchai et al., 2004). For the “Control” bread, the presence of 

signals at 103.6, 99.7 and 92.5 ppm, suggests the additional presence of an A-type starch 

polymorphic component. A-type starch is possible if the flour starch is partially melted 

during baking (Baik et al., 2003). The signals for the C1 resonances of the “Standard breads” 

were slightly sharper, compared to the “New breads”, indicating a more ordered structure of 

starch in the “Standard breads”. Significant signals between 93 and 101 ppm were observed 

in all the breads indicating the presence of some amorphous material (Gidley and Bociek, 

1988). Previous studies reported that amylopectin clusters of the starch exist in the form of 

crystalline lamellae (CL) and amorphous lamellae (double helices, AL). The V-type structure 

can be detected in amorphous starch and to a much lesser extent in an ordered crystalline 

material (Chanzy et al., 1987; Paris et al., 1999; Therien-Aubin and Zhu, 2009).  
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The C4 resonance around 80-84 ppm is characteristic for amorphous regions (Gidley and 

Bociek, 1985 and1988; Horn et al., 1987). The area of the C4 peak relative to all total area of 

the C1-6 resonances of the breads decreased in the order of “APE+HM new” (14.5%), 

“BPE+HM” (14.1%), “KPE+HM” (13.9%) > “APE+HM” (12.6%) > “Spiked” (10.2%) > 

“Control” (9.42%) > “KPE+HM new” (8.40%), “Control new” (8.36%) > “BPE+HM new” 

(6.71) (Table 5.1). All the “Standard breads” had a more intense C4 resonance than the “New 

breads”. For the “Standard breads”, the fortified breads were more amorphous than the 

control bread, i.e. the fortified breads had greater amorphous material than the “Control” 

bread. The fortified breads adopted a V-type structure or amorphous starch structure, while 

the “Control‟ bread might also contain A-type starch polymorphic structures. These results 

may be associated with the fact that the fortified breads contained greater amounts of 

unextractable proteins than extractable proteins, but the opposite trend occurred for the 

“Control bread” (Chapter 3). The “New breads” were generally less amorphous than the 

“Standard breads” (except for the “APE+HM new” bread). Amorphous material often gives 

broader NMR signals for each carbon than crystalline materials, due to a reduced regularity 

of the local molecular environment (Veregin et al., 1986). Amylopectin is thought to be the 

dominant component in the crystalline region of starch granules, while amylose is dominant 

component in amorphous region (Paris et al., 1999).  

 

Adding PPs and pectin to bread affected the dynamics of the molecular groups around the 

C6 region, e.g. the relative signal intensity of C6 carbon was reduced by 35-40% after the 

addition of PPs and pectin. The added PPs and pectin might lower the rigidity of the starch 

polysaccharide units. Moreover, adding 20% extra water for bread formulation reduced the 

relative signal intensity of C6 of the “Control bread”. By comparison, the 20% extra water 

led to a small increase (8-15%) in the relative signal intensity of C6 for the fortified breads. 

Therefore, the extra 20% water for formulation might moderate the influence of added PPs 

and pectin on the C6 resonance. 
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Table 5.1 Moisture content, proportion of C4 peak and relative crystallinity of the control and 

treated breads 

 
Bread 

Formulation 
Description 

Moisture content 

(%) 

Proportion of C4 peak 

(%) 

Relative crystallinity 

(%) (RCP) 

Control 0%PPs & 0% HM pectin, standard water  31.0±0.9a 9.42 24.62 

KPE+HM 3%KPE+3% HM pectin, standard water  39.2±0.5c 13.9 19.40 

APE+HM 3%APE+3%HM pectin, standard water  38.2±1.1b 12.6 24.09 

BPE+HM 3%BPE+3%HM pectin, standard water 39.1±1.1c 14.1 10.62 

Control new 0%PPs & 0% HM pectin, 20% increase water 41.7±2.1d 8.36 22.88 

KPE+HM new 3%KPE+3% HM pectin, 20% increase water 43.6±1.5e 8.40 20.05 

APE+HM new 3%APE+3%HM pectin, 20% increase water 43.1±2.2e 14.5 27.34 

BPE+HM new 3%BPE+3%HM pectin, 20% increase water 43.0±2.2e 6.71 15.63 

Spiked 3% Epicatechin+3%HM pectin 33.7±0.8a 10.2 13.5 

Formulation 1  Flour+water+yeast+sugar+oil+salt  75.2±3.4e 10.6 47.00 

Formulation 2 Flour+BPE+pectin+ yeast+sugar+oil+salt 77.4±2.8e   14.3 43.02 

Formulation 3 Gluten+starch+BPE+pectin+yeast+sugar+oil+salt  71.7±3.1e 13.01 21.6 

 

Note: PPs = Polyphenols, KPE = Kiwifruit polyphenol extract, APE = Apple polyphenol extract, BPE = Blackcurrant polyphenol extract, HM = Pectin with 
high methoxy content. Data expressed as mean ± standard deviation of replicate measurements. Different lowercase superscript letters (within the same 
entire column) indicate statistically significant differences at P < 0.05. 

 

The Relative Crystallinity (RC) of the breads decreased in the order of “APE+HM new” 

(27.3%) > “Control” (24.6%), “APE+HM” (24.1%) > “Control new” (22.9%) > “KPE+HM 

new” (20.1%), “KPE+HM” (19.4%) > “BPE+HM new” (15.6%) > “Spiked” (13.5%) > “BPE 

+ HM” (10.6%) (Table 5.1). The RC of the control bread is close to the values (23-38%) 

detected by Primo-Martin et al. (2007) using Differential Scanning Colorimetry and X-ray 

crystallography. When the water content was increased (e.g. the “Control new” bread), the 

RC decreased slightly. A high water content would lead to an increased separation of starch 

chains via water penetration, resulting in an increase of randomness and a reduction of the 

number and size of crystalline regions. The crystallites require a certain amount of structural 

water and increasing water availability would increase molecular motion (Cheetham et al., 

1998), which in turn allows more double helices to turn into crystallites (Bogracheva et al., 

2001). The “Control” bread contained ~ 31% water. The crumb temperature reached 96 ºC 

during baking (Sivam et al., 2011b), a temperature higher than the gelatinization temperature 

of wheat starch (58-64 ºC) (Hoseney, 1994). This led to incomplete solubilisation and 

simultaneous pasting of starch granules (a phenomenon evident from the ESEM images of 

Figure 5.3). When the bread was cooled to room temperature after baking, gelation of starch 

occurred and crystallization was then possible between the adjacent starch chains forming 

double helices (Figure 5.6A). When the water quantity for bread formulation was increased 

by 20% (the “Control new” bread) (Figure 5.6B), the pasting occurred to a greater extent 

while crystallisation was subsequently reduced (Therien-Aubin and Zhu, 2009). Heating 
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starch in excess water leads to swollen and distorted starch granules, with amylose molecules 

being leached out, contributing to a reduction in the crytallinity (Imberty et al., 1991). 

 

The “Control” bread had a slightly lower amorphous content and RC than the “Control 

new” bread. The “KPE+HM” bread had had a similar RC but a much higher amorphous 

content compared to the “KPE+HM new” bread. For the APE-fortified breads, the 

“APE+HM” bread had nearly the same RC as the “Control” bread, and the 20% extra water 

for formulation led to a small increase in RC for the “APE+HM new” bread. The “APE+HM 

new” bread had the highest amorphous content and RC value. The starch granules of the 

“APE+HM” bread did not fully lose their birefringence (i.e. intact starch granules are seen by 

ESEM (Figure 5.3), thereby little difference in RC was detected between the “APE+HM” and 

the “Control” breads. When the water quantity was increased by 20% (the “APE+HM new”), 

the RC was increased because the elevated water content would make the dough less viscous 

and result in more pasting. During retrogradation, the PPs of APE that were of large 

molecular size and low or medium polarity, might induce leached amylose molecules to pack 

closer so that the double helices interact to form crystallites, leading to an increased RC. For 

the BPE-fortified breads, the “BPE+HM new” bread had the lowest amorphous content, and 

its RC was the second lowest. These indicate that although the starch in the “BPE+HM new” 

bread largely lost its crystallinity, it remained in a relatively ordered form. The presence of a 

proportion of V-type starch conformation and/or a single glucose unit within a „twisted‟ 

cyclic hexamer type of conformation were possible (Snape et al., 1998; Tan et al., 2007). The 

BPE ingredient contained high concentrations of highly charged phenolic acids (e.g. gallic 

acid and protocatechuic acid), anthocyanins (with medium polarity) and 8%w/w lipid 

(Chapter 3). The highly charged but small PP molecules might “substitute” the 

monosaccharide residues of the starch polysaccharides, enabling the substituted starch chains 

to repel and prevent crystallization (Hoseney, 1994), thereby restricting the movements of the 

substituted chains into crystals during retrogradation (Kuakpetoon & Wang, 2007). The 20% 

extra water for formulating the “BPE+HM new” bread, would have induced some mobility 

changes to the polysaccharides in the AL region (branching zone) within the amylopectin 

clusters as well as in the gaps between the arrays of the amylopectin clusters, causing a loss 

of cohesion between amylose molecules (i.e. a significantly reduced RC).  

 

It is worth noting the possible effect of added pectin on the NMR spectra of the fortified 

breads compared to the control bread. A small increase in the resonance at 53-55 ppm (Figure 
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5.6) that is assigned to the methoxyl groups (CH3O-) of galacturonic acid residues in pectic 

polysaccharides (Hediger et al., 1999; Tang et al., 1999), was found in the fortified breads. In 

general, amylopectin recrystallizes faster in breads containing high level of amylopectin. 

When gelatinised starch is cross-linked in the presence of pectin, there may be additional 

cross-links between starch and pectin (Khondkar et al., 2009). In addition to the cross-links 

between starch and pectin, the added pectin might have induced the viscosity and steric 

hindrance effects. The swollen starch granules that were present in the bread crumb allow 

greater surface area that was available for interactions between gluten matrix and 

consequently increased the degree of crumb firming (Inagaki and Seib, 1992). Furthermore, it 

is worthy to note that, under the present NMR analysis conditions, it is very difficult to 

confirm the exclusive occurrence of V-type structure. For example, the co-existence of 

amorphous structures of starch is possible, since amorphous and V-type starch have nearly 

identical CP/MAS 
13

C NMR spectra (Paris et al, 1999; Le Bail et al., 2005).  
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Figure 5.6 Curve fits for the CP/MAS 
13

C NMR spectra of Figure 5.5 (peak fitting correlation 

coefficient was at least 0.999). 

 

In summary, the water quantity used for bread formulation and the type of added PPs 

influence the 
13

C NMR resonances from starch polysaccharides. All the breads‟ spectra show 

characteristic of V-type starch and amorphous starch structures, with the control bread also 

having some A-type starch. The V form adopts a single helix conformation, containing a 

relatively large cavity in the centre of the helix, which allows a greater flexibility/mobility 

and the formation of complexes with small organic molecules such as PPs (Horn et al, 1987; 

Veregan et al., 1987; Zabar et al., 2010). Similar trend was observed in „Spiked‟ breads 

(Figure 5.6I).  It contained V-type helices as indicated by the two peaks at ~103 and 97 ppm. 

The amorphous and RCP content were second lowest among treated breads. These indicate 

that although the starch in the “Spiked” bread largely lost its crystallinity, it remained in a 

relatively ordered form. The epicatechin substitution of starch molecules would have caused 

repelling while crystallization as explained above. 

 

Simplified form of control (Formulation 1)  and simplified form of  BPE+HM 

(Formulation 2) were showing triplet peaks (102.9, 100.2 and 95.2 ppm) and doublet peaks 

(103.3 and 102.2 ppm) at C1 resonance as were also observed in respective complex breads 

(Figure 5.7 and 5.8). When flour was replaced with starch and gluten (Formulation 3), 

doublet peaks (103.1 and 99.3 ppm) appeared, showing the adaptation of V-type domain. It is 

interesting to see, the RC (Table 5.1) of all simplified bread models were higher than the 

complex breads.  This is because, in simplified systems, since the ingredients were used in 

small scale, the availability of water and space for the mobility of the molecules is less. And 
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in simplified models, the system does not become viscous, instead the starch granules absorb 

moisture and swell. Therefore they don‟t go through gelatinization at greater extent, which 

disrupt the starch granules that are associated with loss of crystalline domains.  Therefore the 

simplified systems facilitate mobility of amylose molecules and form higher numbers of 

double helices, causing higher RCP values. It is not surprising to see that the added BPE PPs 

reduced RCP, which could be due to substitution of  BPE PPs with amylose molecules, which 

would restrict the recrystallization due to repelling as explained above. But in „Formulation 

3‟, when flour is replaced with wheat starch, the RCP reduced significantly (21.68%). In 

addition to the fact of repelling effect of BPE PPs, the decrease in RCP in „Formulation 3‟ 

may also be due to the addition of wheat starch (instead of flour). At the same time, in 

addition to the repelling effect of polar molecules of BPE, the effect of pH of the system 

needs to be admitted here.  pH of the „Formulation 3‟ (pH 3.2) is lower than that of 

formulation 1 (pH 5.72) and formulation 3 (pH 4.2). Therefore the acidity of the system in 

„Formulation 3‟ would speed up the hydrolysis of α 1-4 glycosidic bonds in the starch during 

baking process. Hoseney (1994) observed, speed up of hydrolysis in starch during baking 

when cherries are added to pie filling, due to the acidity of the cherries. Though C1 and C4 

are the carbons involved in glycosidic linkages, and therefore to be more sensitive to 

polysaccharide conformations (Gidley and Bociek, 1985). The double shoulders observed in 

C4 resonance for „Formulation 3‟ confirms, the 1-4 glycosidic linkage is being hydrolysed. In 

addition, acid penetrates the amorphous parts of the starch granules only and hydrolyses 

glucosidic bonds. The acid cannot penetrate the crystalline areas due to double helix remain 

intact (Hoseney, 1994). Therefore the major effect of the acid is to reduce the molecular 

weight of the starch molecules leaving the crystalline structure. However, the proportion of 

C4 peak (amorphous materials) of „Formulation 3‟ was lower than that of „Formulation 2‟ 

and higher than „Formulation 3‟, indicating that there are some portion of cross-linked 

materials are in ordered form, compared to Formulation 1.  
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Figure 5.7 A) 
13

C CP/MAS NMR patterns for simple formulations;   B) bands in circles are 

enlarged and were curve fitted and shown in figure 5.8) 
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Figure 5.8 Fitted peak profiles to the 
13

C CPMAS NMR patters for different breads 

formulations. The peak fitting correlation coefficient was at least 0.999 (A-I). 

 

The differences in the chemical structure, molecular size, polarity and concentration of the 

PPs in KPE, APE and BPE contributed to the differences observed in the resonances of C1, 4 

and 6 as well as the RC values for the different finished breads. The previous study (Chapter 

3) showed that the BPE+HM bread contained high concentrations of highly polar PPs such as 

gallic acid and protocatechuic acid, in addition to high concentrations of the anthocyanins 

with medium polarity: delphinidin 3-O-glucoside, delphinidin 3-O-rutinoside, cyanidin 3-O-

glucoside and cyanidin 3-O-rutinoside. The APE+HM bread contained considerable amounts 

of low-medium polar PPs like 5-O-caffeoylquinic acid, phloretin 2-O-xylo-glycoside, 

phloretin 2-O-glycoside and phloretin. By comparison, The “KPE+HM” breads only had a 

few PPs of low molecular weight and high polarity at low concentrations. Moreover, the 
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differences in the extractability of gluten proteins, amount of free thiol groups in bread 

proteins, and bread crumb firmness, reported in chapter 3, further indicate the differences in 

cross-linking affinity among the bread components. The presence of the polar PPs and their 

oxidation/degradation products are expected to enhance hydrophilic bonding interactions 

(including H bonding with water) during breadmaking. The addition of a reducing agent such 

as PPs to the bread system may affect the redox status of the S-H groups and introduce 

changes in the disulphide-sulphydryl interchange, including direct oxidation of an S-H group 

in a glutenin molecule to a stable form, especially the water-soluble S-H groups (Collins, 

1994). These interactions in the bread matrix appear to influence the mobility of the 

monosaccharide residues in the starch polysaccharides (which are the dominant wheat flour 

components). Based on the interactions of added PPs and pectin with starch molecules, a 

schematic diagram of the possible cross-links in the PP and pectin-fortified breads can be 

proposed (Figure 5.9).  

 

 

 

O

O

12

4 5

54

3
2 1

O
HO

HO

COOH O

6

O
HO

CH3
3

O

HO
HO

12
3

4 5

OH OH

3
CH3

HO
O

6
COOH

HO
HO

12
3

4 5

54

2 1

O

O

O

O

OH

6

6

6
 

O

O

12

4 5

54

3
2 1

O
HO

HO

COOH O
6

O
HO

CH3
3

O

HO
HO

12
3

4 5

OH OH

3
CH3

HO
O

6
COOH

HO
HO

12
3

4 5

54

2 1

O

O

O

O

OH

6

6

6

HO OH

OH

OH

OH

OH
HO

HO OH

O

H

HO

CH2OH

HO

H

H

H

1

2
3

5

6

4

O

H

HO

CH2OH

OH

H H

HO

H

1

23

5

64

O

H

HO

CH2OH

OH

H

H

O

H

1

2
3

5

6

4
O

H
O

H

HO
OH

OH
OH

OH

OH

HO

HO
OH

H
O

H

n

Polyphenol

Rhamnogalaturonan chain of pectin

Amylose molecule

1-4 glycosidic linkage

 

Figure 5.9 Schematic representation of possible cross-links of polyphenols and pectin with the 

amylose molecules of wheat starch.  
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5.4 Conclusions 

CP/MAS 
13

C NMR and ESEM are useful techniques for examining the effects of adding PPs 

and HM pectin, as well as the water quantity used for bread formulation, on the molecular 

organisation and structural changes of wheat starch polysaccharides in bread. The addition of 

PPs and pectin, and/or 20% extra water, during bread formulation induce changes in the 

relative proportions of crystalline and amorphous starch in finished breads. The differences in 

the chemical structure, molecular size, polarity and concentration of the added PPs in the 

bread can influence the different starch structures adopted during breakmaking. CP/MAS 
13

C 

NMR analyses for all breads show V-type starch patterns or possibly amorphous starch, with 

the control bread also having some A-type starch. The differences in the microstructure of 

starch/protein matrix in the finished breads revealed by ESEM and optical microscopy 

supported the NMR findings. These findings of this study also complement the previous 

studies associated with the physicochemical and rheological properties, the characteristics of 

gluten protein conformation and extractability, and the detected PP profiles of the breads 

fortified with a fruit antioxidant extract and pectin fibre. Future work should include 

complementary characterisation techniques such as X-ray diffraction analyses to validate the 

existence of crystallized V-type structures or amorphous starch structures in the finished 

breads enhanced with a polyphenol extract and pectin fibre.  
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General Discussion and Conclusions 

6.1 General Discussion 

        During breadmaking, different ingredients are used to ensure the development of a 

continuous protein network that is essential for bread quality. Appropriate crosslinks among 

wheat proteins, fibre polysaccharides and phenolic antioxidants could be the most critical 

factor for bread dough enhanced with DF and phenolic antioxidants. Such crosslinks may 

influence the structure and properties of a bread system during baking. This study 

investigates the properties of breads enhanced with phenolic antioxidants and pectin fibre. 

Breads were subjected to quality evaluation (attributes including colour, weight and volume), 

chemical and rheological examinations. FTIR and Raman spectroscopy were used to explore 

the conformational changes in wheat proteins and polysaccharides in breads caused by the 

addition of fruit PPs and pectin. ESEM and CP/MAS 
13

C NMR spectroscopy were used to 

examine the structural characteristics of bread polysaccharides especially flour starch, in 

different bread formulations with or without added pectin and PPs. Furthermore, this study 

investigates the extractability of PPs or protein molecules from a range of model breads that 

contained different combinations of bread constituents/ components (such as flour, yeast, 

sugar, salt, oil and water with or without added pectin and PPs), and examines the influence 

of bread constituents on the conformational structure of flour proteins in breads. 

  

6.1.1 Real breads  

The addition of pectin fibre and fruit phenolic extract to bread led to changes in bread 

appearance and phenolic composition of finished breads, as well as rheological characteristics 

of bread dough and finished breads. The types of pectin and phenolics have played important 

roles in these changes, influencing the cross-linking of gluten polymers throughout the 

baking process. Storage modulus G' (elasticity) and loss modulus G" (viscosity) of the treated 

bread dough with added pectin(s) only were higher than those of control dough. The G' or G" 

of the treated breads incorporated with a combination of a pectin and fruit phenolic extract 

depended on the type of phenolic extract (i.e. apple and blackcurrant extracts behaved 

differently from kiwifruit extract). The phenolic acids present in KPE might be more mobile 

and easier to be attracted by the charged bread proteins to a close proximity and/or 

incorporated into protein network with less steric hindrance, resulting in a greater impact on 

the viscoelastic property of the bread. The G' and G" at the final baking step were higher than 

those of other stages, indicating an increase in cross-linking among polymeric molecules and 
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bread particles of high molecular weight. This may be due the interactions of added pectins 

and/or phenolics with bread components such as wheat proteins during dough development 

and bread baking.  

 TEPC, AA determinations and HPLC results suggest that ingredients used during bread 

formulation, especially BPE, APE, KPE and pectins, can induce various changes in gluten 

protein secondary structure, which consequently influenced the extractability and stability of 

PPs and proteins from bread matrices. The measured antioxidant activity was mainly derived 

from the phenolics present in the bread. The added pectin and/or phenolics were involved in 

the interactions between water and bread components during dough development and bread 

baking.  

High Performance Liquid Chromatography (HPLC)-Mass spectrometry (MS) PP 

profiling revealed that baking caused oxidation of some added PPs such as quercetin and 

myricetin. Size-Exclusion HPLC analysis showed that the free thiol groups in finished breads 

decreased with an elevated percentage of the Unextractable High Molecular Weight 

(UHMW) proteins. It suggests that the added pectin and PPs, and possibly the oxidation 

products of added PPs, affected the interactions between water and bread components 

(especially proteins), during dough development and bread baking, causing differences in 

bread cross-linking microstructure and textural properties and ultimately the extractability 

and/or stability of added PPs. The detected differences in the TEPC, AA, and extractability of 

added PPs and flour proteins may be associated with the changes of bread gluten cross-

linking network and the affinity or bonding status of bread biopolymers (e.g. proteins and 

polysaccharides) upon the addition of fruit PPs and pectin(s).  

 

FTIR and Raman spectroscopy studies revealed that adding pectin and PPs caused 

changes in the molecular conformations and polymer structure of wheat gluten and starch in 

the finished breads, especially in the secondary protein conformation (Amide I & II). An 

increase of water content during dough formulation also affected secondary protein 

conformation. The Treated breads gained β-sheets in the protein‟s secondary conformation at 

the expense of β-turns, and contained more un-ordered conformations especially in the 

presence of fruit extracts, specially berry PPs. These results were confirmed by 

complementary Raman spectroscopic measurements. Both hydrophobic and H bonding 

interactions occurred among bread components and the added PPs and pectin, which affected 

PP stability during breadmaking and the total extractable PP content of finished breads.  
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Schematic Loop and Train models for breads enhanced with PPs and pectin are 

proposed that illustrate the possible conformational changes in wheat protein structure due to 

the presence of added PPs and pectin (Figure 4.6, Chapter 4). The “Loop and Train” model 

proposes that protein-protein interactions occur via H bonding of glutamine residues in the -

spiral structures upon hydration. The “train” region is associated with -sheets while the 

“loop” with extended hydrated -turns. When the water level increases, the system gets 

plasticized allowing -turns in adjacent -spirals to form interchain -sheets. Further 

hydration breaks some interchain H bonds between glutamine residues leading to the 

formation of loops. “Loop and Train” models for the “Control” and “BPE” breads of this 

study are proposed in Figure 6.1. In “Control” breads, the dough gets sufficient water so the 

proteins form the “loop” where protein-water-protein interactions (-turns with helices) form 

and the “train” where protein-protein interactions (-sheets) are also formed (Figure 4.6A). 

As hydration proceeds, the “train” region in the -sheet conformation is reduced and the 

hydrated “loop” region would increase (e.g. the “Control new” bread). When PPs are added, 

the mobility of the hydrated segments, which was initially high, will be reduced, and a 

competition among protein, PPs and pectin for water is likely. The competition of protein-

protein, protein-water, PP-water, pectin-water and starch-water is determined by the 

availability of binding partners including PPs and pectin. Increased intermolecular contacts 

and binding sites for H bonding to form extended chains are possible when PPs and pectin 

were added, due to their interference with the initial bonding/affinity. Protein-polysaccharide 

complexes via H-bonding or hydrophobic interactions are also possible in this study. Water 

could be evenly distributed, or bound/linked to bread components such as pectin, protein 

(hydrophobic pockets) and/or PPs (Figure 4.6B). Given the dynamic nature of the structures 

adopted by the repetetive gluten domains, it is impossible in this study to fully confirm 

whether the -spirals comprise only specific segments or whole domains of gluten. The 

conformational changes in the protein backbone resulted from the additional H bonds when 

pectin and PPs were added, which, in turn, influenced the stability of added PPs during bread 

processing and the extractability of added PPs from various bread matrices. 

 

ESEM and CP/MAS 
13

C NMR Spectroscopy were used to investigate the structural and 

dynamic properties of wheat starch in polyphenol (PP) and pectin fortified breads. ESEM 

examinations revealed that the doughs for all of bread formulations had similar 

microstructures, comprising starch granules and yeast granules embedded in a continuous 
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gluten matrix. By comparison, the microstructure of the finished breads differed 

considerably. Breads formulated with 20% increased water content had a greater degree of 

starch gelatinisation and a smoother crumb microstructure than those formulated with the 

standard water content. CP/MAS 
13

C NMR studies revealed small conformational differences 

associated with the amylopectin crystalline and amylose amorphous domains among the 

control and treated breads, which could be related to the concentration, molecule size and 

polarity of added PPs as well as the moisture content of the breads. CP/MAS 
13

C NMR for all 

breads shows V-type starch patterns or possibly amorphous starch, with the control bread also 

having some A-type starch. The differences in the microstructure of starch/protein matrix in 

the finished breads revealed by ESEM and optical microscopy supported the NMR findings. 

These findings of this study also complement the previous studies associated with the 

physicochemical and rheological properties (Chapter 2), the characteristics of gluten protein 

conformation and extractability, and the detected PP profiles of the breads fortified with a 

fruit antioxidant extract and pectin fibre. The degree of crystallinity of the starch in the 

treated breads (except for the “APE+HM‟ bread with 20% increased water content) was 

lower than that of the control breads. Increasing the water content in bread formulation by 

20% resulted in a lower amorphous content, and the “APE+HM” bread was even more 

crystalline than the control bread. The “BPE+HM” breads had the lowest crystallinity of all 

the breads, and the “BPE+HM” bread with 20% increased water content might contain 

domains of V-type polymorphic structure of starch. Possible interactions between the added 

PPs and pectin with amylose and amylopectin molecules of wheat starch was proposed 

(Figure 5.9, Chapter 5). 

  

6.1.2 Model breads 

The results of TEPC, AA and the amount of each anthocyanin PP in the extracts from 

the baked model breads showed that the TEPCs of all the five “Treated model breads” with 

added BPE were significantly higher than that of the “Control bread”. But when flour was 

replaced with starch and gluten caused a reduction in the TEPC, AA, in the amounts of BPE‟s 

anthocyanins especially delphinidin-3-o-glucoside and delphinidin-3-o-rutinoside compared 

to respective formulation. HPLC anthocyanin profiling of these formulations exhibited 

significant evidence of the stability of anthocyanin compounds in bread matrices. The 

presence or absence of both salt and oil is necessary for the observation of delphinidin-3-o-

glucoside and delphinidin-3-o-rutinoside which are more polar anthocyanins. The presence of 

salt but no oil led to the disappearance of these two anthocyanins. This suggests that oil and 
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salt do not have the similar effects on the extractability and/or stability of these anthocyanins. 

Replacing flour with wheat gluten and wheat starch led to the absence of other important 

flour proteins (e.g. albumins, globulins, prolamin and glutenin), non-starch polysaccharides 

(e.g. hemicelluloses and beta-glucans) and minor lipid components, which may have 

influenced the stability of the four anthocyanins especially delphinidin-3-o-glucoside and 

delphinidin-3-o-rutinoside, resulting in the increased complexation of PPs with the 

protein/polysaccharide components during baking, resulting in reduced polarity and 

extractability.  

The SE-HPLC results suggest that the presence of added BPE and pectin facilitated a 

considerable increase in the quantity of extractable proteins. The formation of high molecular 

weight (HMW) aggregated gluten proteins occurred in the absence of added PPs and pectin. 

The addition of PPs and pectin decreased the proportion of unextractable HMW (UHMW) 

proteins suggesting the occurrence of protein solubilisation (rather than sole protein 

aggregation). The presence of added BPE and pectin facilitated a reduction in the %UHMW, 

suggesting that the added BPE and pectin influenced the formation and stability of disulfide 

bonds. The PPs in the added BPE, including anthocyanins, might inhibit or weaken the cross-

linking of the protein network causing proteins to solubilise, or complex directly with 

proteins causing a reduced amount of protein cross-linking during bread baking. The absence 

of oil and salt in the bread formulation remarkably lowered the %UHMW, indicating their 

important roles in facilitating gluten cross-linking. Salt might help strengthen the dough 

through promoting the aggregation of glutenin and gliadins (possibly an inonic strength 

effect), and therefore the removal of salt would result in more solubilised proteins in the 

extractable fraction and consequently a reduction in %UHMW. The pH changes caused by 

the addition of BPE and pectin, which may have also influenced the solubility of gluten 

proteins. Also, the solubilised proteins might have reacted further with the added BPE and 

pectins forming new PP-protein and/or PP-polysaccharide complexes. The FTIR results 

showed the conformation of proteins varied between flour, gluten and different formulations. 

When flour is replaced with gluten and starch, the overall intensity of amide I band was 

reduced, showing weak shoulders between 1667-1603 cm
-1

 with amide II band disappearing.  

This would suggest that gluten having important functional groups, is capable of undergoing 

conformational changes compared to the formulations with flour (formulations 1 & 2, chapter 

4) and the interactions occurred among the components that have been included in a 

functional bread system. The composition of a recipe as well as the order of addition of 

ingredients both influenced the properties of the bread systems obtained.  
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6.2   Conclusions  

Interactions between added pectin, PPs and possibly the oxidation products of added PPs and 

bread components (especially proteins), during dough development and bread baking, caused 

differences in microstructure and physical properties of control and treated breads. The type 

of pectin and phenolics have played important roles in these properties, influencing the cross-

linking of gluten polymers throughout the baking process. The measured antioxidant activity 

was mainly derived from the phenolics present in bread. The added pectin and/or phenolics 

were involved in the interactions between water and bread components during dough 

development and bread baking.  

 

FTIR and Raman spectroscopy results suggest that the added PPs and pectins induced various 

changes in secondary structure of gluten present in bread. The loss of helical conformations 

of gluten in treated breads could result from thermally induced protein aggregation, or 

extended hydrated conformations in the presence of increased water content for breadmaking. 

Glutens in flour exhibited hydrophilic characteristics during processing of the breads 

enhanced with fruit PPs and HM pectin via formation of H bonds with water, PPs and 

polysaccharides. The modes of these interactions varied with the type of PPs used and the 

amount of water used in bread formulation.  All of the information gathered provides insights 

into the differences in the detected TEPCs of final bread products. 

 

The results obtained for bread models suggest, interactions occurred among the components 

that have been included in a functional bread system. The „composition of a recipe‟ as well as 

the „order of addition of ingredient‟, both influenced the properties of bread systems 

obtained. On the basis of the HPLC and FT-IR results presented, it can be concluded that 

ingredients used during bread formulation, including BPE and pectins, can induce various 

changes in gluten-protein secondary structure, which consequently influenced the 

extractability and stability of PPs and proteins in bread matrices. The influence of individual 

bread constituents on the conformational structures of flour proteins were evidenced from the 

associated alterations in gluten protein‟s amide I and II bands, as well as carboxylic group 

absorption at 1743 cm
-1

.  
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CP/MAS 
13

C NMR and ESEM examination revealed the addition of PPs and pectin, and/or 

20% extra water, during bread formulation induce changes in the relative proportions of 

crystalline and amorphous starch in finished breads. The differences in the chemical 

structure, molecular size, polarity and concentration of the added PPs in the bread can 

influence the different starch structures adopted during breakmaking. CP/MAS 
13

C NMR 

analyses for all breads show V-type starch patterns or possibly amorphous starch, with the 

control bread also having some A-type starch. The differences in the microstructure of 

starch/protein matrix in the finished breads revealed by ESEM and optical microscopy 

supported the NMR findings. ESEM examinations revealed that the doughs for all of bread 

formulations had similar microstructures, comprising starch granules and yeast granules 

embedded in a continuous gluten matrix. By comparison, the microstructure of the finished 

breads differed considerably. Breads formulated with a 20% increased water content had a 

greater degree of starch gelatinised and a smoother crumb microstructure than those 

formulated with the standard water content.  
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