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Abstract 

In a survey of supermarket breads containing grain particles in New Zealand it was evident 

that grain structure reduced the starch digestibility of the breads, but the effect was small unless 

the inclusion rate of the large grain particles (>1 mm) was high (65% or more). The factors that 

influenced starch digestibility and glycaemic potency of grain particles of various sizes were 

studied in this research. It was shown that relatively large particle size and incomplete 

gelatinization of starch in the grains studied make them more resistant to digestion than others. 
From the knowledge gained in preliminary research, a range of kibbled (large grain particles) 

grain breads was developed containing 75% of large (> 2.8 mm) grain particles. The 

digestibility of starch in the prototype kibbled grain breads was examined in-vitro by simulated 

small intestinal digestion either with the grains intact or after homogenizing the breads.  The 

results showed that the glycaemic potency of kibbled grains bread was low in comparison to 

white breads provided that the grain particles remained intact. However, when the kibbled grain 

breads were completely homogenized to eliminate grain structure the estimated glycaemic 

index (GI) increased by 31% and was similar to that calculated for white bread. An in-vivo 

study was conducted to compare the in-vitro estimates of glycaemic potency with the in-vivo 

findings and showed that the results from the in-vivo and in-vitro studies were highly 

correlated.  This showed that endosperm structure played a significant role in reducing the 

glycaemic potency of the breads but only when the grain particles were large (>2.8 mm) and 

when they were swallowed intact. This suggested that the glycaemic potency of breads cannot 

be significantly reduced by adding high proportions of large grain particles as chewing reduces 

particle size and destroys much of the endosperm structure that would restrict digestion of the 

unchewed grain particles. Hence, increasing the proportion of large grain particles in bread is, 

in itself, ineffective in reducing the rate of starch digestion and consequently, blood glucose 

response in-vivo.   However, in all cases, it was found that adding large grain particles to breads 

made in this work or sourced commercially increased the proportion of non-starchy ingredients 

(mostly insoluble and soluble fibre) so reducing the proportion of available starch for digestion, 

in the bread. 

The in-vitro results showed that reducing the proportion of available starch in the bread, either 

by increasing the proportion of whole-grain particles or by increasing the proportion of fibre 

or protein added to the breads is an effective strategy to reduce the glycaemic potency of 

breads. As expected from the earlier experiments, the glycaemic potency of the carbohydrates 
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(GI) present in these breads was similar to that of a standard commercial white bread. 

Therefore, reducing the proportion of carbohydrate in bread formulations by increasing the 

proportion of protein and/or fibre is an effective strategy for reducing glycaemic potency of 

breads even though the glycaemic index, which shows the relative glycaemic potency of the 

available carbohydrate portion of the bread, is unchanged.  
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Glossary 

Glycaemic response - Glycaemic response refers to the effect that a food has on postprandial 

blood glucose concentration. 

Glycaemic potency - Glycaemic potency is the tendency of a 100 g of food consumed in a 

single serving, to induce a postprandial glycaemic response in comparison to 100 g of glucose, 

expressed as glycaemic glucose equivalents (GGE/ 100 g of food) in this thesis.   

The glycaemic index (GI) - GI is the postprandial effect of the available carbohydrate 

component of a food on blood glucose concentration expressed as a percentage of the effect of 

glucose equal in amount to the available carbohydrate in the food. It may be expressed as 

GGE/100 g of carbohydrates and is calculated as such in this thesis based on in-vitro 

determinations of GGE. 

Rapidly digested starch (RDS) - RDS is characterised as starch that can be hydrolyzed within 

20 min of the start of a defined in-vitro pancreatic digestion, and it is of major interest in this 

thesis. It is highly digestible and hence highly glycaemic starch and can correlate with 

postprandial blood glucose response.  

Actually available carbohydrates - Actually available carbohydrates content of the food were 

measured as reducing sugar released into the digestion medium at 120 min after adding the 

digestive enzymes during in-vitro amylolysis. 

Potentially available carbohydrates - Potentially available carbohydrates of the food were 

measured as glucose released after one hour of incubating the homogenized samples of 120 

min digesta with the addition of amyloglucosidase, to access any remaining digestible 

carbohydrate.   

Wholegrain/ Intact/ Kibbled grains - In the study, these words refer to products that are 

identifiable by the presence of intact or partially intact grain particles that retains complete 

or partially complete kernel structure. Terms such as kibbled grains and large grains are 

interchangeable.
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3. Plant structure of kibbled grains can reduce starch digestibility, even when the grains are 

completely gelatinized. 

 

Chapter 6 

Research question  

1. At a given temperature of hydration, how do different types of grain differ in the rate and 

yield of glucose during in-vitro digestion? 

2. Can limiting hydration during soaking and cooking, reduce the rate and yield of glucose 

during in-vitro digestion? 

 

Hypotheses 

1. Grains differ in digestibility as a function of hydrating temperature during cooking. 

2. The rate and yield of glucose can be reduced by limiting hydration during in-vitro 

digestion. 

 

Chapter 7 

Research questions  

1. Do starch digestibility and glycaemic potency differ for breads made with different 

particles sizes of grain? 

2. What is the role of the proportion of larger grain particles in the bread matrix in 

determining the glycaemic potency of the bread? 

3. Can prototype low glycaemic breads be developed by increasing the proportion of larger 

grain particles? 

 

Hypotheses  

1. Breads made with larger grain particles have lower glycaemic potency than breads made 

with smaller particles. 

2. Greater proportions of larger grain particles in a bread matrix reduce glycaemic potency. 

3. Prototype low glycaemic breads can be developed by formulating with high proportions 

(>60%) of larger grain particles. 

 

 

 

 



5 
 

Chapter 8 

Research questions 

1. Is the potential effect of large grain particles in the prototype breads on glycaemic 

response maintained following normal ingestion processes including chewing and still be 

able to lower the glycaemic potency of the breads in-vivo? 

 

Hypotheses 

1. During normal ingestion, sufficient large grain particles survive chewing to reduce the 

glycaemic response of the bread. 

 

Chapter 9 

Research questions   

1. What is the role of addition of non-flour components, such as proteins, fibres and non-

starch polysaccharides (NSP) in determining the glycaemic potency of the bread matrix? 

 

Hypotheses   

1. Substituting carbohydrates with proteins, fibres and NSP can reduce the glycaemic 

potency of breads. 

 

These questions were explored and answered using in-vitro and in-vivo techniques.  
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Chapter 2: Literature review  

 Introduction  

It is estimated that chronic diseases including cardiovascular disease, diabetes and obesity will  

contribute to about 73% global deaths annually by 2020 (WHO, 2014). Nutritionally 

unbalanced diets, physical inactivity and environmental changes have all been implicated in 

chronic diseases  (Bauer, Briss, Goodman, & Bowman, 2014) and with balanced nutrition, the 

risk of these diseases may be reduced (WHO, 2003). Carbohydrate is the major source of 

energy, but in excess, it can lead to postprandial glycaemia and may eventually lead to chronic 

glycemia. Reducing the proportion and digestibility of highly digestible carbohydrates such as 

starch in the diet may reduce glycaemia and therefore contribute to the development of 

nutritionally improved, healthier foods.  

This literature review considers starch related to diet, and factors associated with the 

digestibility of starchy foods. The literature reviewed was sourced from databases including, 

Web of Science, Google Scholar and Science Direct. Literature was searched across various 

disciplines and was published after 1985 and included academic papers and books. 

 Carbohydrates 

Carbohydrate is a general term applied to a very large range of macromolecules with the 

general formula (C6H12O6)n for hexoses, but pentoses (C5H10O5)n are also common.  

Saccharides range from the simplest monosaccharides, where the number of bound sugar 

residues (n) is n =1 (glucose, fructose) to sucrose n = 2 (Glucose-fructose) but may range to 

millions (starch, gums, cellulose). Simple sugars (n = 1) can be absorbed through the gut wall, 

but all larger polymers must be digested to monosaccharides using a number of enzyme 

systems prior to absorption. As the value for n increases, the carbohydrates tend to be less 

soluble and are digested more slowly or not at all in the small intestine, depending on their 

composition and structure, although most can be fermented either completely or partially in 

the large intestine (Brennan, 2005).  

Starch is an exception among the large complex polysaccharides because it consists only of 

glucose and when gelatinized is rapidly hydrolyzed to glucose in the small intestine, which is 

in turn rapidly absorbed so increasing blood glucose levels. Sugars and starches are found in 
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most plant material and may be present at high levels in storage structures such as fruits and 

grains. They are less abundant in animal tissues and products where glucose and glycogen, 

sometimes occur although milk contains appreciable quantities of lactose. Starches are mostly 

consumed in a form where some of the original structure of the plant tissue from which it was 

derived remains, e.g. flour. When the plant structures remain relatively intact the remaining 

cell walls may reduce the digestibility of the contained starch by restricting access by digestive 

enzymes (Edwards et al., 2015; Grundy, Edwards, et al., 2016; Grundy, Lapsley, & Ellis, 2016; 

Lemmens, Van Buggenhout, Van Loey, & Hendrickx, 2010; Tydeman et al., 2010). 

Accessibility by enzymes to the starch contained in plant tissues depends on several factors 

(Palou, Bonet, & Pico, 2009) that include processing conditions and the origin and degree of 

gelatinization of the starch (Lehmann & Robin, 2007). These factors which will be discussed 

in greater detail later in this chapter.  

 Carbohydrate metabolism and glucose regulation 

Carbohydrate metabolism begins with digestion in the small intestine where monosaccharides 

are absorbed into the blood stream. The metabolic process called glycoysis begins if the glucose 

is needed immediately upon entering the cells to supply energy, the end products of glycolysis 

are pyruvic acid and ATP. Since glycolysis releases relatively little ATP, further reactions 

continue to convert pyruvic acid to acetyl CoA and then to citric acid in the citric acid cycle. 

The majority of the ATP is made from oxidations in the citric acid cycle in connection with the 

electron transport chain. During strenuous muscular activity, pyruvic acid is converted into 

lactic acid rather thatn acetyl CoA and during rest, the lactic acid is converted back to pyruvic 

acid. The pyruvic acid is in turn is converted back to glucose by the process called 

gluconeogenesis. If the glucose is not needed at that moment, glucose is converted into 

glycogen by glycogenesis and is stored in muscles (Maughan, 2013).   Sugars absorbed in the 

gut may therefore be either used immediately, or stored in muscles as glycogen or elsewhere 

in the body. 

Glucose regulation or glucose homeostasis is the process by which blood glucose levels are 

maintained within a narrow range. This is achieved by three hormones: insulin, glucagon, and 

epinephrine. If the concentration of glucose in the blood is above about 7.8mmol/L, insulin is 

secreted by the pancreas. Insulin stimulates the transfer of glucose into the cells, especially 

those of  the liver and muscles, although all other organs are also able to store and metabolize 
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2006; Wolever & Jenkins, 1986; Wolever & Bolognesi, 1996). Large differences exist in the 

degree to which different starch-containing foods affect blood glucose, and these differences 

have been shown to relate to the digestibility of the starch (Thorne, Thompson, & Jenkins, 

1983).  All of which will be discussed in more detail in the following sections.   

 Whole-grains and their  use in foods 

Grain particles derived from cereals and pseudo-cereals (legumes) can be either intact whole-

grains or milled to some degree to make large kibbled particles, or ground to coarse or fine 

flours (Fardet, 2010). The grain particles contain carbohydrates that are mainly starch (70%-

80 %), minerals, lipids (2-9%), and proteins (7-15%) (Grains & Legumes Nutrition Council, 

2012). However, legume seeds may contain up to 35% protein and lower proportions of starch.  

Cereal grains are an important source of food in the human diet (Hawkins & Johnson, 2005; 

Rehman & Shah, 2005) and contain essential nutrients including, vitamins, minerals and 

dietary fibres (Anderson, 2003). The grains are composed of the endosperm, germ, and bran. 

The outer most layer of the cereals is the fibre-rich bran also containing vitamins, minerals and 

other phytochemicals. The endosperm comprises the bulk of the grain and serves to nourish 

the germinating seedling, it is non-living tissue in the cereals but living and dormant in 

legumes.  The germ is the living tissue that will develop into the new plant when germination 

occurs.  

The structure of cereal grains makes them resistant to digestion due to the presence of cell 

walls, dense structures that resist hydration and limit the diffusion of digestive enzymes to sites 

of activity (Edwards et al., 2015; McDougall, Morrison, Stewart, & Hillman, 1996). This is 

discussed in detail in the later sections of the literature review. According to Livesey et al. 

(1995), starch granules differ in shape and size and in the ratio of amylose to amylopectin with 

plant species. The endosperm of some cereals is hard and permeability low due to the dense 

packing of starch and protein in the endosperm. Digestive enzymes can act on the surface of 

endosperm fragments, but penetration into the dense particles is slow so that the particles may 

be digested slowly or in some cases remain largely undigested in the small intestine and passes 

into the colon where the present bacteria ferments it. Processing such as grinding or cooking 

the grains facilitates digestion (Mishra, Hardacre, & Monro, 2012).   
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In legumes, starch is present inside the living cotyledon cells, which are bounded by robust cell 

walls consisting of cellulose, hemicelluloses and pectin (Berg, Singh, Hardacre, & Boland, 

2012). The non-cellulosic compounds present in the legume cell walls are responsible for the 

integrity and the stability of the cell walls as they act as an adhesive and hold the microfibrils 

of cellulose together (Carpita & Gibeaut, 1993). Starch granules situated in the cells are 

surrounded by protein bodies which further restricts swelling during hydration or gelatinization 

during cooking (Berg et al., 2012) so reducing rates of digestion (Grewal & Jood, 2009) thereby 

reducing the glycaemic potency of foods containing high proportions of relatively intact 

legume flour (Mishra et al., 2012).  

Increasing the particle size of kibbled grains has been associated with lowering of glycaemic 

responses in some studies (Irika binti Idril, Diana, & Firmansyah Wargahadibrata, 2013; 

Jenkins et al., 1981; Liljeberg, Granfeldt, & Bjork, 1992), which is one of the possible benefits 

of consuming whole-grain products (Jacobs, Pereira, Slavin, & Marquart, 2000).  Additionally, 

whole-grain provides a full spectrum of cereal nutrients that are partially lost by refining to 

white flour (Pedersen, Krudsen, & Eggum, 1989). As a result, whole-grain products have been 

widely and justifiably promoted for their potentially low glycaemic impact and their nutritional 

attributes (Richardson, 2000; Slavin, 2004).  

Whole-grains are widely consumed in the form of bread, pasta, flour, breakfast cereals, 

porridges, soups, cakes or on its own. According to a key finding from the 2008/09 New 

Zealand Adult Nutrition Survey conducted by University of Otago and The New Zealand 

Ministry of Health (2011), whole grain-based foods such as breads are an important contributor 

to dietary energy intake (11%), protein intake (11%), fat intake (bread-based dishes- 6%), 

dietary fibre intake (17%) and contributed 17% of the carbohydrate intake. White breads 

contain 78-80% of starch, which is rapidly digested and may lead to a high postprandial 

glycaemic response. However, in comparison to white breads, starch from breads containing 

kibbled grain particles may be digested slowly leading to a low to moderate postprandial 

glycaemic responses due to slower rates of starch digestion (Fardet, Leenhardt, Lioger, 

Scalbert, & Remesy, 2006) but often, as will be discussed in this research, starch in breads 

made with kibbled grains are digested at rates similar to those of white bread. 
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amorphous conformation or as two helical forms. In the disordered conformation, amylose 

forms a polymer with a hydrodynamic radius of 7-22 nm. However, it is generally chiral 

forming a single left-handed helix or parallel left-handed double helix  (Imberty, Chanzy, 

Pérez, Buléon, & Tran, 1988). Single helical amylose contains hydrogen bonding atoms (O2 

and O6) on the outer surface of the helix with the ring oxygen pointing inwards, the centre of 

the helix tends to be hydrophobic and can sequester fats and other hydrophobic moieties.  

Figure 2.3 Structure of Amylose and Amylopectin (Raguin & Ebenhöh, 2017). 

Amylopectin contains up to 2 million glucose residues with a hydrodynamic radius of 12-75 

nm. Size exclusion chromatography revealed that branching within amylopectin is not random 

(Thompson, 2000).  The cluster model describes the 3-dimensional structure of amylopectin 

and classifies amylopectin into three classes of glucose chains based on their length and 

branching points: Terminal branches (A chains) are short, unbranched and approximately 

contain 15 -25 glucose residues (Bertoft, Piyachomkwan, Chatakanonda, & Sriroth, 2008).  

The B chains (contains 23-35 glucose residues) connect between the A and C chains, the latter 

being a single chain forming the backbone of the molecule and containing the single reducing 

group (Figure 2.3). The terminal A chains form regions of high molecular order are also known 

as pseudo-crystalline regions. The A chains of amylopectin are linked only through an a-1-6 

bond to the C6 of a glucose unit of a B chains. The B chains are linked in the same way, but 
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the B chain has at least one other chain (either an A or a B chain) attached through an a-1-6 

bond to a C6 of one of its glucose units. The C chain carries other chains as branches and 

contains the sole reducing terminal residue. The average chain lengths of amylopectin between 

1-6 links or terminations typically range from 19 and 31sugar residues, depending on the 

botanical source (Ao, Simsek, Zhang, Venkatachalam, Reuhs, & Hamaker, 2007).  

The proportion of amylose and amylopectin differs with the botanical source, but most starch 

comprises between 27-30% of amylose in cereals and up to 70% of amylose for high amylose 

types and between 0 and 2% of amylose for waxy starch types (Martens, Gerrits, Bruininx, & 

Schols, 2018). The proportion of amylose and amylopectin in a starch affects the architecture 

of starch granules, gelatinization viscosity, gelatinization temperature, texture and digestibility 

of the cooled pastes or gels. 

 Starch granule organization 

Starch granules (S) are typically embedded in a matrix of protein bodies (P) and are surrounded 

by a cell wall (CW) (Figure 2.2 A and B) which may be partially degraded in cereals or present 

intact in the living cotyledons of legumes. Although chemically and structurally similar to 

cellulose present in the cell walls of the plant, only starch can be directly digested by animals, 

including humans (Martin & Smith, 1995). Amylose and amylopectin formed into semi-

crystalline aggregates comprise the starch granule, and these are the primary for starch storage 

in all plants. The size, shape, and structure of starch granules vary with the type of plant. Rice 

has the smallest granules 2-5 µm in diameter, but these are further organised into larger granule 

aggregates about 40 µm in diameter, tubers such as potato have the larger starch granules 

ranging between 22-85 µm in diameter (Buléon, Colonna, Planchot, & Ball, 1998; Thomas & 

Atwell, 1999).  Cereals typically have starch granules 15 -25 µm in diameter. 

Under polarized light or using X-ray diffraction, native starch granules (unmodified by 

processing) exhibit birefringence that suggests an ordered or crystalline-like structure with a 

radial orientation within the granule (Kim, Kim, & Baik, 2012). This property is lost when the 

starch is gelatinized or heated to its melting point. The granule comprises alternating rings 

(growth rings) in the form of concentric shells of increasing diameter extending from the hilum 

at the centre of the granule towards the surface. The concentric shells have alternating hard-

shells which is the pseudo-crystalline region and softshell which is the amorphous regions 

(Figure 2.4) (Ridout, Gunning, Parker, Wilson, & Morris, 2002). This formation especially 
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the lamellae repeat distance is about 9 nm. The blocklets contain amylopectin clusters near the 

surface of the granule and protrude slightly from the surface of the starch granule (Gallant, 

Bouchet, & Baldwin, 1997; Juszczak, Fortuna, & Krok, 2003).  

 Starch crystallinity  

The pseudo-crystalline structure of starch is classified into A, B, and C- type starches (not to 

be confused with A, B and C chains) based on packing arrangement of amylopectin double 

helices and the X-ray diffraction patterns that these cause (Figure 2.5 A and B). The A-type 

diffraction pattern results from A chains packed into monoclinic structures (a rhombic pattern) 

while the B-type diffraction pattern results from A chains packed hexagonally. The C-type is 

the combination of A-and B-type diffraction patterns. 

Figure 2.5 X-ray powder diffraction patterns of (A) A- (monoclinic) type and (B) B- (hexagonal) type 
crystalline starch from uncooked maize starch granules (Damager, Engelsen, Blennow, Lindberg Møller, 
& Motawia, 2010). Red dots denote the presence of water (Lopez-Rubio, Flanagan, Gilbert, & Gidley, 
2008). 

The B-type structure has 36-42 water molecules per unit structure in comparison to the A 

structure with 8 molecules per unit cell (Gous, Gilbert, & Fox, 2015). The amylopectin 

molecules of B-type diffraction pattern starches contain less short branch chains than the A-

type. Another difference in the amylopectin structure between the A- and B-type starch is that 

the amylopectin of the A-type starch has some branch linkages located in the crystalline region, 
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but that of the B-type starch has almost all the branch linkage located in the amorphous region. 

This makes the granules containing a high proportion of starch with the A-type diffraction 

pattern (cereal starches) more porous on the surface and more loosely packed than those 

containing a high proportion of starch with the B- (tuber starches) and C-type diffraction 

patterns (legume starches) (Butterworth, Warren, & Ellis, 2011).   

Granules containing a high proportion of A-type starch are digested more quickly than B-type 

starches, while the digestibility of C-type starch was intermediate (Zhang & Hamaker, 2009).  

This is due partly to the increased porosity of the granules containing A-type starch and partly 

due to easier access of digestive enzymes to starch sub-chains in the pseudo-crystalline region 

(Srichuwong, Sunarti, Mishima, Isono, & Hisamatsu, 2005).  

 Microstructure of starch 

Starch granules contain distinctive microstructural characteristics discernible using light and 

electron microscopy (Figure 2.6 A and B). The microstructures include pores, pits and 

channels. Scanning electron microscopic analysis revealed that the pores present on the surface 

of the cereals were usually blocked by protein residues; these were removed by digesting with 

protease (Kim et al., 2012).  

Figure 2.6 (A) Fluorescence of a protein stain intensified along pore channels in the interior channels and 
hilum and (B) Scanning electron microscopic image of corn starch granule showing surface pores (Kim 
et al., 2012). 

The pores present on the surface of the starch granules (Figure 2.6 B) lead to the centre of the 

granule, i.e. the hilum. The channels leading to the interior of the granules of corn and wheat 

were also lined with protein. This protein was considered to be remnants of the granule-bound 

starch synthetase enzyme. The pores enhanced the accessibility of fluorescence dyes into the 

interior of the granule (Figure 2.6 A) (Kim & Huber, 2008) and presumably would facilitate 
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hydration and access by digestive enzymes, which is discussed in detail in the later sections of 

the literature review.  

 Interaction of starch with macromolecules 

Proteins and lipids are the other major compounds present in starch granules, albeit in minimal 

quantities. Wheat, a typical cereal starch contains about 0.4% of protein and 0.9% of lipids 

while tuber starch such as tapioca contains about 0.1% of protein and 0.1% of lipid, 

considerably less than for cereal starches (Morrison, 1988). The protein and lipid components 

have a small influence on gelatinization temperatures and viscosity; however, the most 

important effect is on the flavour profile of the starch. Tuber starches have a very bland flavour 

in comparison the cereal starches, and this is due to the small proportion of lipid and protein 

present tubers. 

Starch granule proteins, which are termed granule-associated proteins, are either present on the 

surface of the granules, e.g. Gliadin and gluten or integrated with amylose-amylopectin 

structures, probably as the starch is deposited in the amyloplast. Storage proteins can be 

extracted using salt solutions, while the granule-associated proteins can be removed only with 

detergents such as sodium dodecyl sulphate. Granule-associated proteins such as puroindolines 

are related to the softness of the endosperm texture (Anjum & Walker, 1991; Greenwell & 

Schofield, 1986). Other granule-associated proteins have been shown to leftover from amylose 

synthesis (Rahman et al., 1995).  As noted earlier, the lumen of the starch helix is hydrophobic, 

and monoacyl lipids (starch-lipids) may bind in this space while other lipids are associated with 

the surface of the granule or endosperm in general (surface lipids and non-starch lipids). During 

processing and purification of starches, the levels of di- and tri-acyl lipids decrease to 

negligible levels. Starch surface lipids form inclusion complexes with amylose at the surface 

of the granule (Panyoo & Emmambux, 2017). Lipids that are associated with a single amylose 

helix are termed V-amylose lipids. These amylose-lipid complexes have 6-glycosyl residues 

per turn of the amylose helix and a guest molecule within the helix. Monoglycerides, fatty acids 

and fatty acid esters can complex within the helical cavity of amylose (López, de Vries, & 

Marrink, 2012), altering the interaction of starch with water, and are important in altering the 

texture and staling properties of bakery products. Hydrophilic hydroxyl groups project away 

from the helix of amylose (Immel & Lichtenthaler, 2000).  
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The amylose-lipid complexes can significantly alter the functional properties of starch in 

several ways that are of interest to the food industry, i.e. the amylose-lipid complexes reduce 

the ability of amylose to form networked double-helical structures resulting in a looser gel with 

higher final paste viscosity (Richardson, Kidman, Langton, & Hermansson, 2004). Amylose-

lipid complexes enhance water and oil absorption capacities, however, they decrease the 

solubility of high amylose maize starch. Lipid-binding to amylopectin is relatively weaker than 

to amylose as longer acyl groups (>12C) will not fit within the short helices of the A chains.  

The mechanism of interaction and influence on starch functionality lacks literature data. 

Addition of lipids to starch reduces retrogradation and staling of starch due to inability of lipid-

complexed amylose molecules to form junction zones across the starch molecules that are 

responsible for short-term starch retrogradation. Potential health benefits of amylose-lipid 

complexes in terms of lowered digestibility and improved glycaemic control are discussed in 

the later sections of this chapter. 

 Gelatinization of starches 

Starch granules are highly organized structures; however, they lose order and structure when 

heated with water, although the change depends on the temperature and the type of starch. 

Starch contains many hydroxyl groups at the exterior of the coil with an affinity for other 

hydroxyl groups, which is the driving force bringing starch chains together by strong hydrogen 

bonding, this is responsible for the structural integrity of starch granule and its ability to form 

gels when gelatinized in water. This makes the native starch insoluble in water due to the 

unavailability of hydroxyl groups to participate in intermolecular hydrogen bonding with other  

(solvent/water) molecules (Bart, Gucciardi, & Cavallaro, 2012).  

When the starch is subjected to heat and moisture, there is a change in its pseudo-crystalline 

and organized structure, i.e. an order-disorder transition occurs, the phenomenon called 

gelatinization (Sablani, 2009). When gelatinization occurs in excess water (> 70% w/w water) 

(Parker & Ring, 2001), a series of temperature-dependent processes begin (Belitz, Grosch, & 

Schieberle, 2004). Between 55°C- 60°C the intermolecular hydrogen bonds between hydroxyl 

moieties on the starch molecule are disrupted, and the free hydroxyl groups begin to interact 

with water molecules. As the temperature increases, more water is absorbed, causing the chains 

to move further apart, causing irreversible disruption of the original organised structure 

(Taggart & Mitchell, 2009) and the hydrolysis of the starch interact with the polar oxygen atom 

of the water molecule.  
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continuum of digestibility, which may change depending on how that starch is 

prepared/processed. 

RDS is characterised as starch that can be hydrolyzed within 20 min of the start of a defined 

in-vitro pancreatic digestion and can be highly correlated with postprandial blood glucose 

response (Englyst, Kingman, & Cummings, 1992).  Starch that is hydrolyzed more slowly is 

classed as either SDS or RS. SDS is characterised as starch that can be hydrolysed between 20 

and 120 min of the start of a defined in-vitro pancreatic digestion method and the remaining 

proportion of starch that is undigested after 120 min exposure to the enzymes is the RS. The 

relatively slow digestion of SDS causes a moderate and steady slow release of glucose into the 

blood. Foods containing a high proportion of SDS show lower post-prandial blood glucose and 

insulin responses in comparison with the foods with a higher proportion of RDS (Englyst et 

al., 1992; Miao, Jiang, Cui, Zhang, & Jin, 2015; Zhang & Hamaker, 2009; Zhang, Ao, & 

Hamaker, 2006).  

RS is further classified into RS 1, 2, 3, 4 and 5 starches. RS 1 starches are not accessible because 

they are trapped by the intact cell wall of the cellular matrix. 

RS 2 starches are native starches that are resistant to enzyme digestion due to their pseudo-

crystalline organisation that resists hydration and access by enzymes. These starches can only 

be partially digested, and a resistant portion may remain after passing through the small 

intestine. RS 3 starch is made by retrogradation of cooled gelatinised starch after cooking. 

During cooling of gelatinized starch, the starch polymer re-aggregates into a semi-crystalline 

form. The steric hindrance created by re-aggregation makes the starch more resistant to 

digestive enzymes. RS 4 starches are chemically modified for industrial purposes (Fuentes-

Zaragoza, Riquelme-Navarrete, Sánchez-Zapata, & Pérez-Álvarez, 2010; Perera, Meda, &  

Tyler, 2010; Raigond, Ezekiel, & Raigond, 2015; Sajilata, Singhal, & Kulkarni, 2006). 

Amylose-lipid complexes have been proposed as resistant starch (RS) type 5, because of their 

resistance to enzyme hydrolysis.  

 Factors affecting the rate of digestibility 

Edible starches which we consume in a food matrix are often cooked (gelatinized), milled or 

extruded. The granular structure of the starch is destroyed by these treatments during the 

processing that involves hydration, heat and shear. The structural features of the starch both at 

the molecular and granular levels, plant structure in the form of intact/partially grain particles 
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and the interaction of starch with protein/lipids are all important factors that affect starch 

digestibility. The structure of the food matrix is one of the most important factors that influence 

the digestibility of starch. 

 Granule morphology (size and shape) 

The size and the surface area of the native starch granule influences the mechanism of starch 

hydrolysis (Al -Rabadi, Gilbert, & Gidley, 2009; Dhital, Shrestha, & Gidley, 2010), i.e. the 

smaller the granule size, the greater the enzyme susceptibility and increased digestibility due 

the larger surface area to volume ratio compared to large particles for enzymatic action (Franco 

& Ciacco, 1992; Mahasukhonthachat, Sopade, & Gidley, 2010). In larger particles, radial 

penetration of digestive enzymes reaches a smaller proportion of the starch than in smaller 

particles, so the rate of digestion is lower.  

 The surface of the starch granule 

Starch contains proteins and lipids which together are highly organized so they form a coating resistant to 

water and digestive enzymes, reducing the digestibility of the granule. Though the starch granules are 

covered with proteins and lipids (Debet & Gidley, 2006), they do contain pores on the surface that act as 

entrance points for digestive enzymes and once the enzyme enters the granule digestion proceeds. The 

presence of pores, channels and cavities increase the surface area which is potentially available for 

chemical and enzymatic reactions. The walls of the pores are the initial sites of enzyme attack that allow 

enzyme molecules direct access to the granule interior (hilum) (Planchot, Colonna, Gallant, & Bouchet, 

1995).   

Figure 2.8 Schematic representation of inside out and layer by layer digestion in starches. Adopted from 
(Zhang, Ao, et al., 2006). 
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 Food structure and digestibility 

The food matrix, which has also been called the secondary structure, plays an important role 

in altering the accessibility of digestive enzymes to starch (Mishra et al., 2012) which is 

explained in detail in the following sections. 

 Dense food matrix  

According to Fardet, Leenhardt, Lioger, Scalbert, and Remesy (2006), breads prepared with a 

dense, compact structure have a relatively low GI because dense foods of low porosity inhibit 

the penetration of the digestive enzymes into the food matrix. Starchy foods with a compact or 

dense structure show delayed digestion in-vitro, as the enzymes only have access to the surface 

layer before penetrating into the matrix. This causes dense foods such as pasta, whole grains, 

intact vegetables and legumes to have low GI. The dense, compressed, food matrices with few 

pores or channels contribute to lowering the digestibility and GI (Granfeldt & Björck, 1991; 

Monro, Mishra, & Hardacre, 2011).  

 Porous food matrix  

Processed foods such as cakes, breads, puffed, and flaked breakfast cereals are highly porous. 

These porous structures facilitate penetration of digestive enzymes into the products which 

therefore digest rapidly. Moreover, the processed foods are hydrated then pre-cooked, and thus 

the starch in the food matrix is gelatinised, which in turn, increases the rate of digestion by 8 

to 10 times (Mishra et al., 2012).  

 Effect of processing techniques and treatments on starch digestibility  

Many of the factors mentioned above will be affected to a greater or lesser extent by food 

processing conditions such as milling and hydrothermal treatments. The latter gelatinizes the 

starch and makes it more susceptible to amylolysis. 

 Milling  

Cereals are usually milled before being incorporated into foods. Milling fractures the 

endosperm and removes protective bran layers. Particle size is an important factor that 

contributes to the rate of digestion. For instance, milling of grains to smaller particle size 

increases the rate of digestion and subsequently postprandial glucose and insulin levels. An in-
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 Manipulating  food structure to control starch digestibility  

Accessibility of starch due to plant tissue structure in cereals can be retarded by retaining the 

particles intact/whole in a food matrix, by limiting gelatinization, adding other macromolecules 

(protein, lipids and dietary fibres) or starch structural modifications. In practice, with most 

starchy foods, these techniques are used to make the starch inaccessible for digestion and 

absorption. The contributions that each may play in determining the rate of carbohydrate 

digestion are discussed in this section of the work. 

 By retaining intact tissue structure in foods 

Retaining intact cell structure in cooked food is most widely used in the baking industries by 

retaining particles of intact/kibbled grain particles in breads. Kibbling of kernels that would 

otherwise be ground to flour has found a place in food processing for populations with high 

rates of obesity and glucose intolerance, where there is a need to reduce both the rate and extent 

of carbohydrate digestion. However, when breads made with white flour, conventional whole 

grain flour and ultrafine whole grain flour were compared it was found that they were all highly 

glycaemic with no difference between the breads in glycaemic effect (Behall, Scholfield, & 

Hallfrisch, 1999).  

According to Bhattarai, Dhital, Mense, Gidley, and Shi (2018), an individual cell wall was 

sufficient to provide a barrier to the ingress of amylolytic enzymes inside cells in cereal 

endosperm. Theoretically, flours can be substituted with partially intact kibbled kernels in 

bakery products such as breads to potentially reduce the rate of digestion and glycaemic 

potency potentially. Although reductions in digestibility have been associated with increasing 

particle size. Lanzerstorfer et al. (2018) showed that breads containing 90% of fine (< 1 mm), 

medium (< 1.4 mm) or coarse (>1.4 mm) grain particles did not significantly reduce glycaemic 

response compared with white breads.   

In contrast, separate studies have shown that increasing the proportion of intact barley and 

wheat grains to between 40 and 80% in breads reduced the glycaemic index in-vivo from 92 to 

33 (Liljeberg, Granfeldt, & Bjorck, 1992). Pumpernickel consists of 60-70% of partially intact 

rye grains and has low digestibility and much lower glycaemic index than most other breads 

(Jenkins et al., 1987).  
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Figure 2.9 Flow diagram of the thesis 
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Chapter 3: Experimental techniques 

 Breads 

 Moisture content 

Moisture contents were determined for a sample by oven-drying at 105 °C to a constant weight 

(AOAC, 1995). 

 Proportion of intact/partially intact grain  parti cles in breads 

The grain particle content in breads was measured as the dry weight of particulate material 

retained on a 1 mm sieve after pepsin digestion. The pepsin digestion loosened the cooked 

gluten structure of the bread allowing the easy collection of particles by washing. 

Approximately 30 g of fresh bread with crusts removed were weighed and subjected to 

simulated gastric digestion using 50 ml of 0.2% pepsin-HCl at pH 2.5, for 30 min with constant 

stirring at 130 rpm. The resulting slurry was washed with water in a 1 mm wire mesh sieve, 

and retained particles (> 1 mm in diameter) were washed free of adhering bread matrix particles 

with a stream of water. The retained particles were freeze-dried before weighing and 

calculating the proportion of the whole freeze-dried bread sample. The results were expressed 

as the proportion of intact grain particles of > 1 mm in 100 g of dry bread (Srv et al., 2019).   

 In-vitro amylolysis of bread 

The rate of in-vitro amylolysis of the bread samples was measured as the rate of appearance of 

sugars in a standardized in-vitro digestion system using the method of Monro and Mishra 

(2010). It involves two-step digestion, gastric followed by ileal.   

Bread samples (5 g) were digested in 70 ml specimen pots (LabServe LBS 30002) inserted to 

their full depth in a 15-place aluminium heating block, covered with a single insulating sheet, 

and placed on a 15 place magnetic stirrer (Figure 3.1). Samples of breads with 30 ml of 

deionized water were either homogenized for 2 min with an UltraTurrax Homogenizer (IKA®-

Werke, GmbH & Co.KG, Staufen, Germany) with an S18N-19G dispersing element or were 

left unhomogenized and essentially intact. Homogenized samples were checked to ensure that 

all of the samples passed through a 1 mm sieve and hence that homogenizing was effective.  
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Figure 3.1 In-vitro digestion pots 

For the simulated gastric phase, 0.8 ml of 1 M HCl diluted with 30 ml of MilliQ water and 1 

ml of a 10% (w/v) solution of dry pepsin powder (Pepsin EC 3.4.23. from Porcine stomach 

mucosa, P 7000, Sigma-Aldrich, USA; 800-2500 U/ml) dissolved in 0.05 M HCl were each 

added to the sample, the pH of the suspension was adjusted to 2.5, and the sample stirred at 

130 rpm at 37 °C for 30 min. The small intestinal phase was initiated by neutralizing the gastric 

HCl with 2 ml of 1M NaHCO3 and 5 ml of 0.1 M Na maleate buffer pH 6/0.2% Na azide/1 

mM CaCl2 (Figure 3.2), and the pots were immediately made to the 55 ml mark with distilled 

water. Starch digestion was commenced by adding, in quick succession, 0.1 ml 

amyloglucosidase (EC. 3.2.1.3. from A niger, Megazyme, E-AMGDF; 3260 U/mL) and 1 ml 

of 5% pancreatin (P7545, Sigma-Aldrich, USA; 8 x USP specifications) in 0.1 M maleate 

buffer pH 6, Digesta aliquots of 0.5 ml were removed before adding the amyloglucosidase-

pancreatin (0 min) and at 20 and 120 min from the start of amylolysis, and were each added to 

2 ml absolute ethanol in a tube to give a final concentration of 80% ethanol, and immediately 

mixed thoroughly. After at least 30 min the tubes were centrifuged for 10 min at 1000 g at 20°C 

(Centrifuge Omnifuge 2.0 RS Heraeus Sepatech) to clarify the supernatant before analysis of 

sugars released during digestion.  

Available carbohydrate content of the digesta was measured as 80% ethanol-soluble sugar and 

dextrins released into the digestion medium at 120 min after adding the digestive enzymes, 

using secondary amyloglucosidase digestion to convert the 80% ethanol-soluble starch 

digestion products to glucose. Potentially available carbohydrates for breads were measured as 

glucose released after 1 h of further incubating the 120 min sample after it had been 
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relative glycaemic effect than glucose (Foster-Powell, Holt, & Brand-Miller, 2002), and to 

convert the in-vitro quantity to realistic human intake. In the present study, in which nearly 

all of the CHO was glucose (GI = 100 %) derived from starch, the GI adjustment was not 

required.  

Figure 3.3 Simulated blood glucose response curves for a serving of wholemeal bread based on the 
in- vitro digestion curves. (A) Sugar release (GGE mg/g) during in-vitro digestion (B) Subtracting the 
GD from GGE (g/serving) and (C) theoretical in vivo blood glucose response. 

2. The likely relative glycaemic response to the released glucose equivalents was estimated 

by taking into account concurrent apparent glucose disposal (GD) that would accompany 

the cumulative release of free sugar during digestion at each time point using Equation 3.1 

(Monro, Mishra, & Venn, 2010a): 

     GD = 0.0135 x + 0.0232                                                  Equation 3.1  

     Glycaemic potency = (GI*% CHO) * (portion weight)     Equation 3.2            



47 
 

where x was the GI/serving size-adjusted GE release at 40 min (Figure 3.3 B). The 40 min 

adjusted GE value was used in the rate equation because it represents a point at which most 

of the easily accessed carbohydrate has been digested, and it is the point on the in-vitro 

digestion curve that corresponds to peak in vivo glycaemic response (30-40 min) after 

which maximum net glucose disposal can be determined from the linear decline in 

postprandial blood glucose. 

3. The GD value was subtracted from the cumulative adjusted GE value at each time point to 

obtain the net adjusted GE value (Monro, 2010 #107). This represents the glucose that 

would be able to contribute to the glycaemic response.  

4. The net adjusted GE values (i.e. theoretical in vivo blood glucose responses) were plotted 

against time to obtain a simulated blood glucose response curve (Figure 3.3 C). The area 

under that curve (AUC) represents the proportion of starch in the food appearing in the 

blood and was calculated using the trapezoid summation technique Tai (1994). The 

glycaemic potency (in terms of GGE) of the various breads was then determined on an 

equal weight basis by comparing the AUC of the bread with the AUC of a white bread 

reference of known GGE content. The GGE content of the reference was estimated as GL 

and calculated from its GI, the content of CHO, and portion size (Equation 3.2) (Monro & 

Mishra, 2010; Monro et al., 2010a; Monro & Shaw, 2008). 

 Grains 

 Dehulling and milling of seeds 

Grains were passed through a Kenwood Grain Mill AT941A to coarsely grind the seed and 

facilitate separation of the seed coat. The seed coat was winnowed from the endosperm using 

an Ozito 2000W Variable Temperature Heat Gun in the coolest setting. The seeds were milled 

using a Kenwood Grain Mill AT941A with variable feed rate which had an adjustable feeder 

and two fluted rollers running at different speeds. These rollers crushed the seeds into smaller 

size fractions. The gaps between the rollers can be adjusted by screws to get the desired size of 

broken seeds.  

The milling was done in two stages. During the first stage, the grains were broken into larger 

kibbles, and unbroken seeds as the gap between the rollers were set at 3.0 mm. During the 

second stage of the milling, the gap between the rollers was reduced by adjusting the screws. 
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This produced a smaller size fractions. The milled samples were passed through vertically 

mounted multiple sieves (3.3 mm, 2.8 mm, 2 mm, 1.2 mm, 0.6 mm, 0.3 mm, 0.1 mm aperture) 

which were shaken by a shaker (Model RX-6-1, W.S Tyler, 8570 Tyler Blvd., Mentor, OH 

44060, USA) for 5 minutes.  These sieve sizes were selected to produce six sizes denoted as: 

>2.8 mm, >2 mm, > 1.2 mm, > 0.6 mm, > 0.3 mm and > 0.1 mm according to the upper and 

exact sieve apertures. These particle sizes were chosen in order to cover a broad spectrum of 

particle size that occurs in-vivo post-mastication of edible plant tissues (Ranawana, Monro, 

Mishra, & Henry, 2010). The sample fractions remaining on the sieves were collected and 

labelled for the experiments. 

 Characterization of food materials 

 Fat, protein, dry matter, ash and moisture content 

The fat content of the seeds was estimated by the Soxtec solvent extraction method (Thiex, 

Anderson, & Gildemeister, 2003) and was carried out by the TELARC accredited Nutrition 

Laboratory at Massey University.   

The protein content was estimated by the Dumas method (Horwitz & Latimer, 2005) using the 

TruSpec CN analyser (LECO Corporation, St. Joseph, MI, USA). The protein analysis was 

performed by the TELARC accredited Nutrition Laboratory at Massey University. The crude 

protein content of the sample was obtained by multiplying total nitrogen content with a suitable 

factor; in general, 5.83 is used.  

The dry matter was determined by placing approximately 2 g of ground sample spread evenly on 

an aluminium pan at 105°C in an oven (Contherm Scientific, New Zealand) for 16 h (AOAC, 

2005).  The ash content is determined by placing approximately 2 g of the ground sample at 

500°C in an oven (Contherm Scientific, New Zealand) for 16 hrs (AOAC, 2006a).  Moisture 

contents were determined, as mentioned in Section 3.1.1.  

 Sugar, starch content and fibre content 

The sugars and starch content was obtained from the in-vitro digestive analysis was quantified 

by the DNS assay (Section 3.1.4). The total starch content of the cereals was determined as 

described in Section 3.1.5. The dietary fibre was calculated by the AOAC 991.43 method 

(AOAC, 2006b) and AOAC 994. 13 method (Theander & Åman, 1982).  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/broad-spectrum-antibiotic




https://www.sciencedirect.com/topics/chemistry/enzyme-kinetics
https://www.sciencedirect.com/topics/chemistry/enzyme-kinetics
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enzymes. Potentially available carbohydrates for intact and homogenized breads were 

measured as mentioned in Section 3.1.5. The glucose released was quantified by DNS method 

as given in Section 3.1.4.  

Table 4.1 Characteristics of the breads analysed 

 The rate of starch digestion  

The in-vitro digestion method for measuring differences in rates of starch digestion was similar 

to the protocol described above (Section 4.2.3) but with more frequent sampling over the first 

20 min of digestion to obtain the digestion rate during the initial linear phase of rapid starch 

digestion. A reduced concentration of pancreatin (0.1 ml of 5% pancreatin in 50 ml) was used 

Bread names as 
given on the 

labels 

Ingredients listed on the label Carbohydrates 
(g/g whole fresh 

bread (label value)) 

White toast Wheat flour, soy flour, wheat fibre 48.4 
Gluten-free Modified tapioca starch, rice flour, 

maize starch, sorghum flour, bean flour, 
linseed, guar gum, tara gum, flax fibre 

46.4 

Wholemeal Whole meal wheat flour, wheat flour, 
Wheat gluten, soy flour. 

41.7 

Super thick Wheat flour, kibbled grains (23% wheat, 
rye), oat bran (3%) wheat gluten, soy 
flour 

41.5 

Mixed grain Wheat flour. Mixed grain (24% wheat 
and rye), wheat gluten 

40.4 

Grain plus Wheat flour (white and whole meal), 
kibbled grain (29% wheat, rye), seed 
mix (2% linseed, sunflower seed, sesame 
seed), soy flour 

39 

Light grains Wheat flour (white and whole meal), 
kibbled grains (6% wheat, rye), wheat 
gluten, wheat fibre, soy flour 

38.2 

Rye bread Broken whole meal rye, Wheat bran, 
wheat flour 

35 

Soy and 
linseed/Low 

Wheat flour (white and whole meal), 
kibbled soy (12%), Linseed (8%), soy 
flour, sesame seeds 

24.1 

Soy and linseed Wheat flour, kibbled soy (10%), Linseed 
(10%), kibbled wheat (5%), wheat gluten 

21.1 
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Figure 4.4  (A) Glycaemic potency of breads based on 100 g of bread. (B) Relationship of the proportion 
of available carbohydrates (CHO) with the glycaemic potency (GGE/ 100 g of intact and homogenized 
breads) (C) Estimated GI (GGE/ 100 g of CHO). Different letters indicate significant differences between 
the breads under the individual groups (p < 0.05).    
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These three datasets (Figure 4.4 A, B and C) suggest two scenarios: The first is that the most 

effective strategy for reducing the glycaemic potency of bread is to reduce the proportion of 

digestible starch. The second strategy is to include a high proportion (> 65%) of larger (> 1 

mm) grain particles in the bread matrix. It is proposed that in the second case starch contained 

within intact grain particles is undigested or digested more slowly due to slow penetration of 

digestive enzymes into the intact grain endosperm (Edwards et al., 2015; Grundy, Edwards, et 

al., 2016; Johansson, Gutiérrez, Landberg, Alminger, & Langton, 2018). To determine the 

proportion and rate of starch digested in-vitro the intrinsic digestion rate of starch was 

determined, with the results presented in the following section. 

 Effect of grain particle structure on the digestibility  of starch in breads 

Using the in-vitro digestion system as described in Section 4.2.4, nearly 80% of the starch was 

converted into sugars within 20 min, and after 20 min digestion was still proceeding (Figure 

4.5), even though the concentration of pancreatin had been reduced (from 1.0 ml to 0.1 ml of 

5% pancreatin) to slow the rate of digestion. Almost 100% of CHO was digested at 120 min of 

the pancreatic digestion (Appendix A3). At reduced pancreatin levels the sugar release over 

the first 20 min did not differ significantly between intact and homogenized forms of white, 

gluten-free, wholemeal, super thick, light grain and soy-linseed/low carbohydrate breads 

(Figure 4.5 A, B, C, D, I and J). For grain plus and soy-linseed (Figure 4.5 F and J) rates of 

digestion were signifi cantly slower to 5 min and 7.5 min respectively for the non-homogenized 

compared with homogenized bread, after which the starch was digested similarly to 

homogenized bread. However, the digestion curves of intact and homogenized rye bread 

(pumpernickel) were significantly different from one another (Figure 4.5 H). Rye bread  

(pumpernickel) was the only bread for which the rate and proportion of starch digested in the 

intact sample was substantially lower than for the homogenized sample.  The results show that 

the proportion of intact grain particles present in some of the breads sampled was not sufficient 

to significantly reduce the rate of starch digestion and was not, therefore, effective in reducing 

the glycaemic potency. However, for the rye bread, a slow rate of starch digestion occurred 

when the proportion of grain particles of > 1mm exceeded 65% of the dry bread mass.  

When the data shown in Figure 4.5 was fitted to linear regressions, the slopes of the regressions 

estimated the rate of starch digestion over this 20 min period.  The rates of digestion for the 20 

min for intact and homogenized breads are shown in Figure 4.6 A. Amongst most of the  
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bread, a lower rate of starch digestion in the intact form was achieved than in other breads. It 

is evident that in the 0-30% range, the inclusion rate of particles was not sufficient to effectively 

reduce the glycaemic potency of breads, whereas, at 65% inclusion, a significant reduction was 

obtained.  

The inclusion rate at which grain particles start to reduce the glycaemic potency of New 

Zealand breads substantially requires further research. Intact grain particles (> 1mm) decreased 

the digestibility of starches in the unhomogenized group, possibly because the starch mass in 

the particles had delayed enzyme penetration and required surface erosion to gain access to the 

starch. Cell walls may also have reduced water uptake, reducing or preventing the swelling of 

the starch granules, and as a result, reducing the rate of digestion (Fardet, Leenhardt, Lioger, 

Scalbert, & Remesy, 2006; Grundy, Edwards, et al., 2016). The free starch present in the bread 

matrix was as easily digested in breads with a low proportion of intact grains as in breads with 

a high proportion. 

Rye bread contained 65% of the large whole and kibbled rye grains (>1 mm) which may have 

been resistant to the digestive enzymes due to the thick cell walls of its aleurone layer (Edwards 

et al., 2015; Johansson et al., 2018; Mishra et al., 2012). The starch is likely retained inside 

cells by the cell walls, which causes slower glucose release and starch digestion during the in-

vitro digestive analysis. Starch digestion of the homogenized rye bread did not differ 

significantly in comparison to other breads which suggests that such structural factors alone 

may have retarded starch digestion in the intact rye bread. Homogenization breaks the cell 

walls of the grains and disperses the endosperm, thereby allowing the access of the digestive 

enzyme to the starch (Berg et al., 2012; Mishra et al., 2012).  

In breads that contain a very high density of large intact endosperm particles, such as rye bread 

(pumpernickel), the grain content and particle size is, therefore, likely to be important. In our 

study, the maximum proportion of intact particles > 1 mm was 65% in rye breads in contrast 

to the other breads containing less than 30%. Rye bread showed a decrease in the rates of starch 

digestion by half when it was digested intact, and the estimated GGE/100 g of carbohydrates 

was lower by 20 points in comparison to the homogenized rye bread. The proportion of large 

intact particles > 1 mm was too low in the other whole-grain breads which represent what is 

currently available, to significantly reduce the starch digestibility and glycaemic potency. The 

results from the literature are consistent with our results showing that the effect of particle size 

was significant only above 1 mm, and this explains why the proportion of intact grains labelled 
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in the packaging is not associated with a reduced rate of digestion and glycaemic potency, and 

the bread is therefore not as beneficial from the glycaemic control perspective as consumers 

might think. 

Having observed a negative correlation between the proportion of intact grains and rates of 

starch digestibility, it may be possible to reduce the starch digestibility by increasing the grain 

content in the bread products.  Significant differences in the calculated glycaemic potency were 

evident, but these were largely dependent on the proportion of digestible carbohydrates present 

in the breads. Compared to white bread, the substitution of white flour with wholemeal flour 

and/or with intact grains reduced GGE release during digestion and hence the potential 

glycaemic potency, only by reducing the proportion of digestible starch, which shows that the 

proportion of CHO (digestible starch) in the breads was the major factor determining its 

glycaemic potency. Therefore, reducing the proportion of digestible starch in bread may be a 

more effective strategy than increasing particle size. The results suggest that grain dense breads 

with at least 65% of larger grain particles similar to the rye bread (pumpernickel) tested, will 

reduce the rate of starch digestion and thereby lower glycaemic potency. However, CHO was 

the major factor determining the glycaemic potency of the breads, and it is evident that 

formulating breads with a low carbohydrate content would more effectively reduce the 

glycaemic potency of breads. 

 Conclusion  

The intact grain particles in most New Zealand wholemeal or whole grain supermarket breads 

contribute little to the reduced digestibility of starch and hence glycaemic potency of these 

breads.  Only in rye bread, which contained more than 65% of grain particles >1 mm, the rate 

of starch digestion was significantly reduced. If organoleptic properties can be maintained, it 

may be possible to increase the proportion of grain particles to more than 65% with further 

reductions in glycaemic potency. High proportions of intact grain particles were only effective 

in reducing the glycaemic potency when the particles were intact. Chewing the bread will 

reduce particle size and hence increase the glycaemic potency. The most effective and reliable 

strategy to decrease the glycaemic potency of breads is, therefore, to reduce the proportion of 

digestible starch in the breads (Figure 4.7). At present, it is not clear how this could be achieved 

while maintaining organoleptic properties, especially when the effects of chewing are 

considered.  
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Figure 4.7 Schematic summary on the role of intact grains on the starch digestibility of New Zealand Supermarket breads 
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Chapter 5: Can kernel structure be exploited to modulate the 

digestibility of starch in milled grains? 

 Introduction  

Starch has an energy density of about 15.4 KJ/100g, a little under half that of fats 

(~37.7KJ/100g).  In the native form, starch is digested slowly but as a result of gelatinization 

during processing, the rate of starch digestion in the human gut increases 8-10 times and as a 

result, it becomes highly glycaemic (Zhang & Hamaker, 2009). Different foods may contain 

similar amounts of starch but differ in the postprandial glucose and insulin levels they induce 

in humans (Behall & Hallfrisch, 2002). Such differences may be due to differences in the 

physical and/or chemical structure of the starch, the structure of the food matrix or the presence 

of dietary components or processing treatments including milling and gelatinization that affect 

the availability of the starch to the digestion process (Al -Rabadi et al., 2009; Blasel et al., 2006; 

Butterworth et al., 2012). The effects of processing on the digestibility of the starch can be 

attributed to modification or disruption of plant structure at many levels, from the molecule to 

the starch granule to the whole seed. One mechanism that could be exploited to decrease the 

glycaemic potency of grain products used in breads is the ability of intact/semi-intact kernels 

to protect endosperm starches from hydrolysis, but the extent to which this mechanism is valid 

for cereal endosperm cells is not well understood. Therefore, our research has focussed on 

retaining the natural structure of cereal grains to various degrees in an attempt to reduce the 

rate and extent of starch digestion under conditions similar to those in the small intestine 

(Figure 5.1).  

The particle size of flours and kibbled products has been reported to reduce the rate of digestion 

and postprandial blood glucose concentrations (Edwards, Maillot, Parker, & Warren, 2018) 

due to plant structure and degree of gelatinization in the particles. Initially, to verify that 

increasing the size of grain particles may reduce glucose release during in-vitro digestion, 

twelve different cereals (Broad beans, Peas, Rice, Rye,  Soy, Bagherra barley, Streaker barley, 

Reliance wheat, Empress wheat, Amethyst wheat, Tyrian wheat and Corn ) and two extreme 

particle sizes (>2.8 mm and >0.1 mm) were subjected to in-vitro digestion as described in 

Section 3.2.3.  Based on the results on the effect of extreme particle sizes on the starch 

digestibility (Appendix E), two types of grains which showed a greater difference in 

digestibility as a function of particle size were chosen for detailed analysis.   
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Figure 5.1 Schematic representation of processing conditions on starch digestibility 

Pea and purple amethyst wheat particles were the two-grain types showing the greatest 

resistance to digestion in earlier trials (Appendix E). The other reason to take two different 

cereal types is that cell walls of pea are robust and tend to remain intact whereas endosperm 

cell walls of wheat are degraded, so impose less of a barrier to starch digestion than in pea.  

Although it is known that particle size contributes to lowering glucose release during in-vitro 

digestion, the role of and relative contribution of different food processes to the way that cell 

wall structure (Figure 5.1) affects starch digestibility and glycaemic potency is unknown. This 

chapter will consider the effects of grain particle size and degree of gelatinization on the 

digestibility of the starch they contain and hence its possible effect on expected glycaemic 

potency.  

This chapter was divided into two phases (Figure 5.2) in order to address two different questions:  

Phase 1: Does plant structure govern starch digestibility and expected glycaemic potency of 

milled grain particles through its effect on starch gelatinization?  

Phase 2: Will plant structure alone govern starch digestibility and glycaemic potency when the 

milled grain particles are completely gelatinized?  

In this section of the thesis, all work is carried out in-vitro using digestion under simulated 

small intestinal conditions. In later chapters, the effect of simulated chewing, and later, 

consumption of the particles in breads on human glycaemic response is reported.  
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 Materials and Methods 

 Phase 1: Do factors such as gelatinization and plant structure govern 

the digestibility  of starch and glycaemic potency of cooked grain particles? 

 Materials  

Whole blue peas were provided as a gift by Mr. Allan Hardacre (School of Food and Nutrition, 

Massey University, NZ) while amethyst purple wheat was provided as a gift by Dr. Catherine 

Munro (Plant & Food Research, Lincoln, NZ).  

 Dehulling and milling of seeds 

Amethyst purple wheat was de-hulled during the time of procurement. Whole peas were milled 

using a Kenwood Grain Mill AT941A. The seed coats were separated from the milled product, 

as reported in Section 3.2.1. For both the pea and wheat, the milled samples were passed 

through standard sieves with apertures of 3.3 mm, 2.8 mm, 2 mm, 1.2 mm, 0.6 mm, 0.3 mm 

and 0.1 mm using a shaker (Model RX-6-1, W.S Tyler, 8570 Tyler Blvd., Mentor, OH 44060, 

USA) for 5 minutes.  The sieve sizes were selected to produce six size classes denoted as: >2.8 

mm, >2 mm, > 1.2 mm, > 0.6 mm, > 0.3 mm and > 0.1 mm according to the upper and exact 

sieve apertures. E.g. > 2.8 mm particles were obtained by sieving through the upper and exact 

sieve apertures which were 3.3 mm and 2.8 mm, respectively. The sample fractions remaining 

on the sieves were collected and stored at 24°C for the subsequent experiments. 

 Treatment 

Samples of the milled grain particles (0.2 g) were placed into 10 ml falcon tubes with 4 ml of 

deionised water and mixed thoroughly. The samples were sealed in the tubes and left to soak 

for 15 min and then cooked in a hot water bath (100°C) for 30 min. The samples were then 

cooled to 37°C before subsequent analysis. 

 In -vitro starch digestion and glycaemic potency 

Briefly, simulated illeal digestion was started for the cooked and cooled samples by adding 

0.05 ml of 5% pancreatin (Sigma P-7545) in 0.1 M maleate buffer pH 6 and 0.02 ml of 

undiluted amyloglucosidase, and the tubes were immediately made to the 10 ml mark with 

distilled water (Section 3.2.3). Digesta aliquots of 0.05 ml were removed before (0 min) and 
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 Phase 2: Will plant structure govern starch digestibility and glycaemic 

potency for  completely gelatinized particles? 

 Treatment 

Two size fractions of peas and wheat particles: >2.8 mm, and > 0.1 mm were measured (0.2 g) 

into 10 ml falcon tubes along with 4 ml of deionised water and mixed thoroughly. The samples 

in sealed tubes were heated for 16 h at 100°C in a water bath and were then cooked at 100°C 

in a pressure cooker for 1 h to fully gelatinize the starch in the particles. The samples were then 

cooled to 37°C and rates of digestion (Section 3.2.4.2) measured immediately. The rates of 

digestion obtained were compared with those of untreated samples which were assumed to be 

ungelatinized, these were regarded as the control samples.  Rates of digestion for the control 

and heat-treated samples after 20 min of digestion were determined either on the particles or 

on samples of particles that had been homogenized for 2 min using an UltraTurrax 

Homogenizer (IKA® -Werke, GmbH & Co.KG, Staufen, Germany). This resulted in pea and 

wheat particles of two sizes either ungelatinized, gelatinized-intact, and gelatinized-

homogenized, a total of 6 treatments. 

 Gelatinization properties 

To ensure that complete gelatinization has taken place in the heat-treated samples (Section 

5.2.2.1), pasting analysis was carried out using homogenized and dried samples (Section 

3.2.7). The absence of a gelatinization peak being considered as evidence of complete 

gelatinization of the starch in the samples.  

 In -vitro starch digestion - Rates of starch digestion and Glycaemic potency 

The rate of in-vitro starch digestion was performed using >2.8 mm and >0.1 mm particle 

fractions for the pea and wheat samples in three forms: Uncooked, cooked and cooked and 

homogenized (Section 3.2.3). Digesta aliquots of 0.05 ml were removed before (0 min) and 

after adding pancreatin/amyloglucosidase (5, 10, 15, 20, 30, 40, 50, 60 and 120 min), followed 

by the DNS assay for reducing sugars (Section 3.1.4). The rate of starch digestion was 

modelled using Englysts method (Section 3.2.4.2). The glycaemic potency of grains was 

derived from the glucose equivalents (GE) in solution after the predetermined digestion times 

(Section 3.1.6). 
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Figure 5.3 In-vitro starch digestibility curves of grains of various size fractions of  (A) Peas and (B) Wheat samples digested by porcine pancreatin. The time point 
(120-180 min) (h*) near the graph shows the potentially available carbohydrates. Glycaemic glucose equivalents of grains based on 100 g of sample (C) Pea and 
(D) Purple wheat.  Values are means of duplicate ± SD. Different letters indicate significant differences between the groups (p < 0.05).  Note the vertical red dashed 
line denotes homogenization of the sample at this point. 
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Clearly the lower surface to volume ratio for these larger particles resulted in a much lower 

proportion of starch being available for digestion at 120 min.  The particle volume is clearly 

reducing the rate of access of digestive enzymes and the rate of sugar release into the liquid 

phase.   

The proportions of RDS, SDS and RS starch for the pea and wheat particles are shown in 

Figure 5.4 A and B, respectively. RDS was greater by 60% for the smaller particles (>0.1 mm) 

in comparison to the larger particles (>2.8 mm) while the RS was lower for the smaller particles 

of peas and wheat (Figure 5.4 A and B). The starch that was undigested at 120 min (RS) was 

directly related to the particle size (Figure 5.4 C), i.e. larger particles had higher proportions 

of RS starch in comparison to the in-vitro particles.  

 Particle size (Low surface to volume ratio) 

During in-vitro digestion of the six particle size fractions the mean volume of the particles was 

measured after 0, 20 and 120 min of digestion by a fluid displacement technique. Assuming 

that the particles were spherical, the diameter was calculated from the calculated density and 

volume using Equation 3.1. Interestingly, during digestion, the mean diameter of larger 

fractions (>2.0 mm and >2.8 mm) for pea and wheat particles did not change.  As starch was 

digested it would have been expected that the diameter would reduce. However, it appears that 

the remaining cell wall structures were sufficient to retain particle integrity and reduce the loss 

of material from the surface of the particles.  For the smaller pea and wheat particles between 

>0.1 mm and >1.2 mm particle size was reduced at least by 16% - 47% and 10% - 47% 

respectively at 20 min although the reduction was not significant between the smaller particles. 

For smaller particles, (between >0.1 mm and >1.2 mm) volumes decreased significantly by 

between 23%- 77% and 16%-70% with 120 min of digestion (Figure 5.4 C). This coupled 

with the much greater proportion of starch digested shows access by the digestion enzymes and 

egress of sugars resulting from the digestion of the starchy material was more rapid for smaller 

particles and was coupled with a loss in the structure of the particles.  

The correlation between particle size and the proportion of starch digested for pea and purple 

wheat particles at 20 min and 120 min (Figure 5.4 D), was negative with R2 values between 

0.88 and 0.97 respectively. From this, it is concluded that larger particles have a lower surface 

to volume ratio which reduces the access of digestive enzymes to the interior of the particles  

https://www.sciencedirect.com/topics/food-science/food-matrix
https://www.sciencedirect.com/topics/food-science/food-matrix
https://www.sciencedirect.com/topics/food-science/food-matrix
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Figure 5.4 (A) Contribution of different starch fractions: RDS, SDS, RS to the total extent of starch digested at 120 min for (A) Peas and (B) Purple wheat of 
various size fractions. (C) Relationship of the proportion of RS (starch undigested at 120 min) with the diameters of the grains digested (D) Diameters of the grain 
particles before (0 min) and after digestion (20 and 120 min). Values are means of duplicate ± SD. Different letters indicate significant differences between the 
groups (p < 0.05).  
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Figure 5.5 Logarithm of Slope (LOS) plots obtained from starch digestibility curves for pea particles (A)> 
0.1 mm, (B)>0.3 mm, (C)> 0.6 mm, (D)>1.2 mm, (E)>2.0 mm, (F)>2.8 mm 
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Figure 5.6 Logarithm of Slope (LOS) plots obtained for starch digestibility curves of purple wheat 
particles (A)> 0.1 mm, (B)>0.3 mm, (C)> 0.6 mm, (D)>1.2 mm, (E)>2.0 mm, (F)>2.8 mm.  
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5.3.1.3.2 Englyst method 

Figure 5.7 First order kinetics obtained for the RDS (0-20 min) from the in-vitro starch digestibility curves 
of (A) peas and (B) purple wheat of particles (> 0.1 mm, >0.3 mm, > 0.6 mm, >1.2 mm, >2.0 mm, >2.8 
mm). (C)The relationship between the digestion rate constant and particle size of peas and purple wheat.  
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Since the LOS plot overestimated the proportion of starch digested after 20 min in many cases 

but modelled the rate of digestion well during the first 20 min of digestion, further comparisons 

of digestion rates in this study will only use the RDS proportion of starch for comparisons 

among treatments for k and the calculation of GE (Hardacre, Lentle, Yap, & Monro, 2016). 

From the first-order kinetics for RDS, digestion rate coefficients (k) were 0.073 mg/g/min and 

0.61 mg/g/min in Figure 5.7 A and B for the> 0.1 mm pea and wheat particles. The digestion 

rate coefficients (k) decreased as the particle size increased (Figure 5.7 C). The linear trend 

fitted well for all the sizes of pea and wheat particles, with R2 values between 0.92 and 0.99. 

The digestion rate constant k was similar for particles below 0.6 mm in diameter but decreased 

by between about 20% and 40% for particles 1.2 mm and larger.  This was particularly obvious 

for the pea particles about less so for the wheat. This may suggest that during the milling 

process, smaller particles have more internal damage allowing better enzyme penetration 

during digestion. Similar trends of decreasing digestion rate coefficient with an increase in 

particle size were reported by several authors (Al -Rabadi et al., 2009; Dhital et al., 2010). The 

difference in the digestion rate of starch in the various particles suggests that the enzymes take 

longer to penetrate the larger grain particles and slowly digest the starch, whereas the diffusion 

of pancreatin is rapid for the >0.1 mm particles thereby quickly digesting the starch.  

From the results obtained so far, we can see it is important to consider the digestion rate 

coefficient for the RDS as it is most likely to lead to glycemia. The results show that particle 

sizes above 1.2 mm in diameter are digested more slowly, probably due to limitations imposed 

by the rate of diffusion through the relatively dense larger grain particles. Thus, increasing the 

size of grain particles that are used to make the bread may be a useful method of reducing the 

rate of starch digestion and hence glycemia.  

 Degree of gelatinization 

Pasting profiles for flours made from the particles used for these experiments and compared 

with uncooked control flours are shown in Figure 5.8 A and B, respectively. The uncooked 

flours were characterized with a high peak viscosity, a discernible breakdown viscosity and a 

final viscosity typical of ungelatinized starch (Table 5.1). The flours made from cooked >2.8 

mm pea and wheat particles showed pasting curves of similar form to the uncooked flour 

suggesting that gelatinization of the starch in cooked >2.8 mm grain particles was incomplete.  
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From the work reported to this point, it is clear that the structure retained in the larger seed 

particles and degree of incomplete gelatinization go hand in hand to reduce the digestibility of 

starch in cooked grain particles of above 1.2 mm in size.  Particles of all the tested grains below 

1.2 mm in size are completely gelatinized. However, it is unclear if the larger particles 

(>2.8mm) will be digested more slowly if  they are completely gelatinized or after they have 

been chewed.  In the second phase of the work carried out and reported in this chapter, 2.8 mm 

and >0.1 mm particles were completely gelatinized, and the rate of in-vitro starch digestion 

and the glycaemic potency calculated for and compared with untreated  >2.8 mm and >0.1 mm 

particles of peas and wheat.  

 Phase 2: Will particle size reduce the rate of starch digestion when 

larger grain particles are completely gelatinized? 

  In -vitro starch digestibility and glycaemic potency 

To confirm that pressure cooking had completely gelatinized the > 2.8 mm and >0.1 mm 

particles of the pea and wheat particles, the pasting properties of flours milled from these 

particles were measured using the RVA. Starch from the pressure-cooked particles (> 2.8 mm 

and >0.1 mm) showed no peak hot paste viscosity and no evidence of a pasting profile as is 

expected for fully gelatinised starch (Appendix F). The proportion of starch digested as g/100 

g of potentially available starch digested for 120 min for uncooked, PC and PC- H (>2.8 and 

>0.1 mm)  pea and wheat particles are presented in Figure 5.11 (A) and (B), The proportion 

of starch digested for the >2.8 mm (PC) pea and wheat particles was about 60% and 75%  

greater than for the uncooked >2.8 mm particles (Figure 5.11) and about 25% and 35% greater 

than for the cooked but not pressure cooked particles (Figure 5.3).   

The calculated glycaemic potency (GGE/100 g of the sample) for the (>2.8 mm PC) particles 

was as expected from the digestion rates, always significantly lower than the > 0.1 mm PC 

particles (Figure 5.10). Also, when the rates for starch digested for first 20 min of in-vitro 

digestion was measured, it can be seen that plant structure was a major factor in slowing down 

the rates of starch digestion in the completely gelatinized large particles (>2.8 mm PC). The 

>2.8 mm (PC) pea and wheat particles have digestion rates about 42.5% and 43.5% lower than 

for the  >0.1 mm (PC) particles, but this difference was lost when the larger particles were 

homogenized (>2.8 mm PC-H).  
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Figure 5.10 Glycaemic potency (calculated) of particles of > 2.8 mm and >0.1 mm size particles of Uncooked, Pressure cooked (PC) and Pressure cooked -
Homogenized (PC-H) particles of (A) Peas and (B) Wheat. Rate of starch digestion for RDS phase for > 2.8 mm and >0.1 mm particles of Uncooked, Pressure 
cooked (PC)  and Pressure cooked -Homogenized (PC-H) (C) Peas and (D) Purple wheat grain particles. Values are means of duplicate ± SD. Different letters 
indicate significant differences between the groups (p < 0.05). 
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encapsulated within plant cell walls (i.e. as would be expected when eating whole cooked peas 

or wheat) the extent of starch digestion was markedly reduced in both botanical sources, 

indicating that intact plant cells impose limitations of starch bioaccessibility the grains. It is 

clear that by increasing the particle size of milled cereals starch digestibility and glycaemic 

potency can be limited by incomplete gelatinization of starch inside cooked intact kernels, 

which suggests limited swelling of granules trapped inside the cells. However, complete 

gelatinization of the starch inside large kernels may not be completely digested due to slow 

rates of diffusion of the enzyme into and sugars out of the particles when the grains are intact 

or kibbled. 
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increase of SDS by 13% in breads. Accordingly, my research aimed to reduce the rate and 

extent of starch digestion with a focus on limiting hydration to reduce gelatinization of starch 

in cereals. The chapter will be reported in two stages (Figure 6.1). Firstly (Phase 1), the chapter 

reports the effect of hydrating grain particles at various temperatures on starch digestibility as 

a function of particle size of grains. Secondly (Phase 2), it reports the effects of limiting 

hydration during cooking on the starch digestibility as a function of particle size. The overall 

aim of the project was to reduce the glycaemic potency of cereals by reducing the rate of 

digestion of CHO, mainly starch, within the food matrix while maintaining organoleptic 

properties.  

 Methods and Materials 

 Materials  

Pea and amethyst purple wheat particles were used as a test grain in this chapter. The grains 

were milled as mentioned in Section 3.2.1, to produce three sizes of particle denoted as >2.8 

mm, > 1.2 mm, and > 0.1 mm according to the upper and exact sieve apertures.  

 Treatment 

 Hydration (Soaking) 

The grains studied continued to absorb water during hydration for up to 7 h, after which 

measurable water absorption ceased (Appendix G). Consultation with several bakers around 

New Zealand showed that before adding dry kibbled or whole-grains into bakery products, they 

were soaked for at least 12 hours, typically overnight. Therefore, in this research, a common 

soaking time of 16 h was chosen before the grain was used to make breads. 

 Phase 1 - Effect of hydrating temperatures on starch digestibility of grain as a 

function of particle size. 

Pea and Amethyst purple wheat particles >2.8 mm, and > 0.1 mm were weighed (0.2 g) into 

10 ml falcon tubes containing 4 ml of deionised water and mixed thoroughly. The samples 

were hydrated for 16 h at temperatures of 20°C, 40°C, 60°C, 80°C and 100°C in water baths. 

The hydrated particles in sealed tubes were then cooked in a water bath (100°C) for 15 min. 

The samples were finally cooled to 37°C and rates of starch digestion measured.  
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Figure 6.1 Schematic flow chart of Chapter 6 
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Figure 6.3 In-vitro starch digestion curves > 2.8 mm (A and D), >1.2 mm (B and E) and >0.1 mm (C and F) size particles of (A-C) peas and purple wheat particles 
(D-F) with various degree of hydration (0%, 20%, 30%, 40% and 60%). Values are means of duplicate ± SD. 
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Amethyst purple wheat. The effect of degree of hydration on starch digestibility of peas and 

purple wheat for three different particle sizes (>2.8 mm, >1.2 mm and >0.1 mm) and six 

different hydration levels (0%, 20%, 30%, 40% and 60%) are shown in Figure 6.3 A-F. From 

the graphs, it can be seen that the pancreatin digested 90- 100 % of the CHO present in the 

60% (w/w) hydrated (excess water) >0.1 mm particles in peas and wheat at  120 min, whereas 

60% hydrated >1.2 mm and >2.8 mm peas and purple wheat particles showed a very low 

amount of CHO digested. Closer examination of the in-vitro digestion curves shows that the 

moisture present at any given size of the particle affects the digestion of starch present in the 

grains.  

Figure 6.4  Relationship of proportions of starch digested  at 120 min  for > 2.8 mm, >1.2 mm and >0.1 
mm size particles of (A) peas and (B) purple wheat  with various degree of hydration (0%, 20%, 30%, 
40% and 60%). Values are means of duplicate ± SD. 
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From Chapter 5, it was clear that by increasing the particle size of the milled cereals above 

1.2 mm the digestibility of starch and glycaemic potency can be reduced. Further, this chapter 

shows that decreasing temperature of hydration to 20 °C and degree of hydration to less than 

40% limits gelatinization of the starch and hence digestibility. Bakery products such as breads 

can be made healthier by the addition of larger particles that are only partially hydrated, so they 

digest slowly, thereby reducing their glycaemic potency through the formation of limited RDS 

and SDS while retaining a significant amount of RS. This agrees with the hypothesis that was 

put forward and it clearly shows that manipulating hydration temperature and degree of 

hydration of cereals can limit the water uptake during the processing and the subsequent rate 

of in-vitro digestion and later glycaemia. However, the organoleptic properties cannot be 

maintained by limiting hydration during cooking as the grains will be very hard to chew when 

the starch is not completely gelatinized. Having this in mind, larger particles of > 2.8 mm that 

are hydrated at 20°C with excess water will be used in the development of breads. 
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Chapter 7 
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Figure 7.1 Schematic flow chart of Chapter 7
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Strategy 1 Particle size  

Incorporating kibbled grain particles (> 1.2 mm, >2.0 mm, > 2.8 mm) into a white bread matrix 

at the highest possible proportion (65%) of the bread dough, this level is comparable to the 

level of kibbled grain particles present in pumpernickel breads.  

Strategy 2 Proportion of particles 

Incorporating variable proportions (0%, 30%, 45%, 60% and 75%) of large grain particles (> 

2.8 mm) into a white bread matrix.  

Development of low glycaemic breads with the knowledge gained from the study 

The development of low glycaemic breads was based on knowledge obtained from prior work 

in this thesis. In this chapter, grain particles from peas, soy, purple wheat, and bread wheat 

were used. Purple wheat produces a deep purple grain colour favoured by end-users for both 

kibbling and milling in the bread industries. To give a fair comparison of grains, bread wheat 

which is used in bread baking was added as a comparative test grain to white breads.  Soy has 

similar properties to peas, both are legumes and soy flour is commonly used by the bread 

industry.  In contrast to the small grain cereals, the cells of the endosperm are living tissue and 

the cell walls remain intact unless damaged by milling, for this reason, they may provide a 

useful barrier to enzymes during digestion.   

 Materials and Methods 

 Materials 

Bread ingredients:  Wheat flour (Champion Flour Milling Ltd, 12.2% moisture, 11.5% 

protein, 1.4% fat, 76.8% carbohydrates), salt (Woolworths, Home brand), sugar (Chelsea, NZ 

Sugar Company Ltd), wheat gluten (Cargill, Inc), vegetable oil (Harvest, Natural sugars New 

Zealand Ltd) and instant dry yeast (Edmonds, Goodman Fielder New Zealand Ltd) was 

purchased from the local supermarket. Country oven Dobrim 90 dough improver was 

purchased from Bakels, New Zealand. Breads incorporating kibbled grain particles (> 2.8 mm) 

from Peas, bread wheat, purple wheat and soy incorporated into a white bread matrix at 75% 

of the dough mass were made (Table 7.1) and the in-vitro digestibility was tested. Purple 

wheat, bread wheat and soy were obtained from the General Health Store, Auckland, New 
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and > 1.2 mm.  To make the breads, kibbled grain were hydrated and added to white bread 

dough which is explained in detail at the later stages of this chapter. 

 Formulations 

 Strategy 1 Particle size: 

Breads made with the kibbled grain particles (>2.8 mm, >2.0 mm, >1.2 mm) incorporated at 

65% of the dough mass (d.w.b) and were formulated to have equal proportions of carbohydrates 

in 100 g of whole bread (40± 2% d.w.b). Moisture content and in-vitro starch digestibility were 

determined as reported in Section 7.2.5 and Section 7.2.6, respectively. White bread with a 

flour particle size of between 0.1 and 0.2 mm (denoted >0.1) was used as a control. 

Test foods: 

a) Breads made with 65% of kibbled (> 0.1 mm) bread wheat and 35% of white bread 

dough as a matrix (Reference white bread - WB). 

b) Breads made with 65% of kibbled (> 1.2 mm) bread wheat and 35% of white bread 

matrix (B1.2). 

c) Breads made with 65% of kibbled (> 2.0 mm) bread wheat and 35% of white bread 

matrix (B2.0). 

d) Breads made with 65% of kibbled (> 2.8 mm) bread wheat and 35% of white bread 

matrix (B2.8).  

 Strategy 2 Proportion  of large kibbles particles: 

To determine the effect of kibbled particle size on the digestibility of the starch in the breads 

0%, 15%, 30%, 45%, 60% and 75% of > 2.8 mm kibbled soft wheat grain particles were 

incorporated into the breads with white flour dough as the balance of the bread preparations.  

All breads were formulated to (40 ± 2% d.w.b) of carbohydrates in the cooked bread). Moisture 

content and in-vitro starch digestibility were performed as reported in Section 7.2.5 and 

Section 7.2.6, respectively. White bread containing no kibbled grain was used as a control and 

is denoted 0% (to show that grain particles were not incorporated in white bread) in this section. 

Test foods: 
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a) Breads made with 100% of white bread matrix (Reference white bread - WB). 

b) Breads made with 15% of kibbled (> 2.8 mm) bread wheat and 85% of white bread 

matrix (B15). 

c) Breads made with 30% of kibbled (> 2.8 mm) bread wheat and 70% of white bread 

matrix (B30). 

d) Breads made with 45% of kibbled (> 2.8 mm) bread wheat and 55% of white bread 

matrix (B45). 

e) Breads made with 60% of kibbled (> 2.8 mm) bread wheat and 40% of white bread 

matrix (B60). 

f) Breads made with 75% of kibbled (> 2.8 mm) bread wheat and 25% of white bread 

matrix (B75). 

 Development of low glycaemic breads with the knowledge gained from the study  

To determine the effects of starch digestibility on the breads made with 75% (d.w.b) of kibbled 

grains (> 2.8 mm) from soft wheat, hard (purple) wheat, peas and soy. Moisture content and 

in-vitro starch digestibility were performed as reported in Sections 7.2.5 and 7.2.6, 

respectively. In this section, kibbled particles of peas, soy, purple wheat, and bread wheat were 

used. Large pea and purple wheat particles (>2.8 mm) had a lower proportion of starch digested 

and slower rates of starch digestion in previous chapters (Chapter 6). 

Test foods: 

a) Breads made with 75% of kibbled (> 2.8 mm) bread wheat and 25% of white bread 

matrix. 

b) Breads made with 75% of kibbled (> 2.8 mm) purple wheat and 25% of white bread 

matrix. 

c) Breads made with 75% of kibbled (> 2.8 mm) peas and 25% of white bread matrix.  

d) Breads made with 75% of kibbled (> 2.8 mm) soy and 25% of white bread matrix.  

e) Breads made with 37.5% kibbled (> 2.8 mm) peas, 37.5% kibbled (> 2.8 mm) purple 

wheat and 25% of white bread matrix.  

f) Breads made with 37.5% kibbled (> 2.8 mm) soy, 37.5% kibbled (> 2.8 mm) purple 

wheat and 25% of white bread matrix.  
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 Bread baking 

The kibbled grain breads and reference white breads were prepared in The New Zealand 

Institute of Plant & Food Research Limited, food-safe laboratory. The standard white bread 

(reference) was formulated with 100% flour along with 1.9% salt, 1.9% sugar, 3.8% gluten, 

3.2% yeast, 0.6% dough improver, 3.4% oil and 73.6% water, the latter as a proportion of the 

flour (bakers proportion). Variations to make the kibbled grain breads are described below.  

To make the bread, yeast was suspended in warm water (33±2 °C) and left for 10 min to 

hydrate. The other dry ingredients were blended in the bowl of a KitchenAid® Mixer (Model 

5KSM150PS, KitchenAid, USA) with a hook attachment at a speed of level 2. Fresh yeast 

suspension, the oil and water were then added and mixing continued for 12 min. The dough 

was divided into 400 g pieces, and shaped into loaves and placed into 27.6 x 14 x 6.5 cm 

silicone loaf pans and sealed tightly with foil wraps to reduce water loss allowing space for 

leavening of the bread. The loaves were then transferred to a standard bread proofer (Irinox 

MF 70.1) at 100% humidity and 30 °C for 60 min for the initial proofing, after which the dough 

was again kneaded for 5 minutes using the KitchenAid® Mixer. The dough was then shaped 

into loaves and placed in the loaf tins with tightly covered foil wraps allowing space for the 

leavening of the breads. The breads were finally proofed at 30 °C and 100%RH (Irinox MF 

70.1) for 60 min.  The loaves were baked in a conventional oven (Zanussi Professional) with 

the air vent shut to prevent moisture loss, at 215 °C until the internal temperature of the breads 

reached 90° C (Traceable® Food Thermometer). After baking, the loaves were cooled for 1 h 

until the internal temperature of the bread reached 30 °C, and then cut into slices, packed and 

labelled in polyethene Ziploc bags and stored at -20 °C until analysis.  

The kibbled grain breads had the same bread-making process however the cooking time was 

adapted to obtain an internal bread temperature of 90° C. To make the breads, kibbled grain 

were preconditioned by soaking in tap water for 16 h at 20° C. After 16 h, the soaked grains 

were drained for 20 min and patted with paper towels to remove excess water at this point the 

grain particles contained about 50% by weight of water. The white bread matrix was prepared 

with all the wet and dry ingredients and kneaded for 10 min. After 10 min, the kibbled grains 

were added to the white dough mixture and kneaded for 2 min. The proportions of grains and 

dough used in the preparation of breads are given in Table 7.1. The dough was divided into 

800 g pieces, shaped into loaves and placed into 27.6 x 14 x 6.5 cm silicone loaf pans and 
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tightly sealed with foil at baking. The dough weights of kibbled grain breads were twice that 

of the white breads to give similar dimensions when the loaves were baked. Initial, final dough 

proofing and baking of the breads were similar to that of the white breads. After baking, the 

loaves were cooled, packed and stored similar to the white bread. All the test breads were 

baked, sliced, packed and frozen before human intervention analysis. 

 Moisture content: 

Moisture contents were determined as mentioned in Section 3.1.1. 

 In-vitro amylolysis  

The rate of in-vitro amylolysis of the bread samples was measured as reported in Section 3.1.3. 

Briefly, samples (5g) of each of the breads, were either homogenized or left intact and were 

subjected to simulated gastric peptic digestion and a subsequent amylolytic phase at pH 6.5 

that simulated small intestinal digestion using pancreatin (P7545, Sigma-Aldrich, USA; 8 x 

USP specifications) and amyloglucosidase (Megazyme, E-AMGDF; 3260 U/ml) as reported in 

Section 3.1.3. 

Aliquots (0.5 ml) before 0 min and after the addition of pancreatin were taken at 10, 20, 40, 60 

and 120 min. Potentially available carbohydrates for intact and homogenized breads were 

measured as reported in Section 3.1.5. The glucose released was quantified by the DNS method 

(Section 3.1.4). The glycaemic potency of breads was derived from the glucose equivalents 

(GE) present in a solution after digestion (Section 3.1.4). The rates of starch digestion over the 

first 20 min (RDS), was assessed (Section 2.8). 

 Contribution of the proportion of starch in kibbled grains to overall starch 

digestibility of low glycaemic breads 

To measure the contribution of starch from intact grains to the overall digestibility of the 

kibbled grain breads during in-vitro amylolysis, the following experiment was performed on 

breads specified in Section 7.2.3.3. The rate of in-vitro amylolysis of the bread samples was 

measured as reported in Section 7.2.6. Samples (5g) of each of the breads, were weighed into 

six 70 ml digestion pots containing 30 ml of deionized water. One of the 5 pots was sampled   
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before adding the pancreatin  (0 min) and the other 4 pots 20, 40 60 and 120 min after adding 

the pancreatin as shown in Figure 7.2.  

As for all experiments, digestion was conducted in two stages, one simulating gastric peptic 

digestion and a subsequent stage simulating small intestinal digestion (Section 3.1.3). To 

measure the proportion of starch digested from the kibbled grain particles baked in the breads, 

the particles were separated from the digesta at each time interval and immediately mixed with 

four volumes of absolute alcohol to inhibit amylase activity. A similar protocol using 2ml of 

absolute alcohol was used to inhibit the 0.5 ml samples of liquid digesta sampled at each time 

interval. At least 30 min after adding alcohol to the samples, the tubes were centrifuged for 10 

min at 1000 g at 20°C (Centrifuge Omnifuge 2.0 RS Heraeus Sepatech) to clarify the 

supernatant before analysis of sugars released during digestion. The separated grains were 

maintained in alcohol for 10 min, before being drained and dried completely. To the grains, 30 

ml of deionised water was added and the mixture homogenized (H) for 2 min with an 

UltraTurrax Homogenizer (IKA®-Werke, GmbH & Co.KG, Staufen, Germany) with an S18N-

19G dispersing element. Homogenized samples were checked to ensure that all of the samples 

passed through a 1 mm sieve and hence that homogenizing was effective. These samples were 

subjected to in-vitro amylolysis, as reported in Section 7.2.6, and the undigested starch was 

measured in homogenized 120 min.  

All samples were stored at 20°C until reducing sugar analysis by DNS method reported in 

Section 3.1.4. All experiments were conducted in duplicate. The total available starch was 

measured from grains obtained at 0 min. The proportion of starch that remained undigested in 

the kibbled grains at each sampling time was calculated by subtracting the sugar digested at 

each time point from the kibbled grain with the total available starch in grains. The proportion 

that was undigested was subtracted from 100 in order to obtain the percentage of starch 

digested by the kibbled grains in the breads. 

 Informal Consumer acceptance 

The overall acceptability of the breads made using the kibbles from the different grain types 

was evaluated using a nine-point hedonic Likert rating scale (Figure 7.3). The breads were 

prepared in the Plant & Food, food-safe laboratory. Breads were baked the day before testing 

and were cut into 4 cm x 4 cm x 2 cm pieces and packed in labelled ziplock bags not more than 

1 h before being served. Breads were given unique identity codes. Breads made with kibbled 
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Figure 7.4 In-vitro starch digestion curves of breads made with 65% of bread wheat grain particles of various particle size (A) White bread (> 0.1 mm), (B) > 1.2 
mm, (C) > 2.0 mm and (D) > 2.8 mm digested for 120 min with 0.2 ml of 5% pancreatin measured as intact and homogenized. Points are the average of 2 samples; 
intervals are (±) SD.  Blue dashed line fitted data for the first 20 min of digestion. 
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Figure 7.5 (A) Relative rate of starch digestion (20 min) of White bread (WB) and breads made with 65% of bread wheat grain particles of various particle size > 
1.2 mm (B1.2), > 2.0 mm (B2.0) and > 2.8 mm (B2.8), measured as intact and homogenized. (B) Relationship between various particle size (0.1 mm (WB), > 1.2 
mm, >2.0 mm >2.8 mm) of grains with the rate of starch digestion (mg glucose/g starch/min) in non-homogenised bread samples.  Glycaemic glucose equivalents 
on the basis of (C) 100 g of bread (glycaemic potency) and (D) per 100 g of CHO (GI) and (C). Points are the average of 2 samples; intervals are (±) SD. Different 
letters indicate significant differences between the breads in each group (p < 0.05).   
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for intact WB was 71.6±3.3 GGE/100 g CHO. The GI (GGE/100g of CHO) for B2.8 was much 

lower than other intact kibbled grain breads, but maceration by homogenization, simulating 

chewing, of this bread increased the GI to 73.31 ± 0.26 GGE/100g of CHO which comparable 

with WB. This shows that our first strategy to include a high proportion (> 65%) of larger (> 

2.8 mm) kibbled grains is likely to lower the glycaemic potency of breads by about 40% 

provided the kibbled particles remained intact.  However, like homogenization it is expected 

that chewing will reduced particle size and the breads will become rapidly digestible. Behall et 

al. (1999) tested bread made with white flour, conventional whole grain flour and ultrafine 

whole grain flour, and found no difference between the breads in glycaemic response. Their 

result is consistent with our results showing that most of the effect of particle size occurs above 

1.2 mm and explains the need to increase the particle size to lower GGE; however, it seems 

that this strategy seems unlikely to work when the breads are chewed. 

 Strategy 2: Glycaemic potency of breads made with various proportion s of kibbled 

grains 

The breads made with  different proportions of intact (> 2.8 mm) kibbled grains (WB, B15, 

B30, B45, B60 and B75) had similar moisture contents (44.89%, 46.50%, 45.51%, 46.11%, 

48.01% and 47.61%, respectively) and there were no significant differences among them (p < 

0.05).  As for the breads containing particles of different size, these breads were also digested 

either homogenized or intact.  The data were plotted as the relative proportion of available 

starch digested at each time interval (mg/g/min). The sugar released after 120 min of digestion 

of the homogenized sample represented 100% of the digestible starch. (Figure 7.6 A-F). For 

the WB sample and breads containing 15% kibbled grain particles the proportion of starch 

digested was similar (p<0.05) for the homogenised and non-homogenised samples (Figure 

7.6).  For the B30 breads, the proportions of starch digested were significantly lower over the 

first 40 min for the non-homogenised compared with homogenized breads, after which the 

proportions of starch digested were similar. For the B45, B60 and B75 samples homogenisation 

significantly increased digestibility. The estimated glycaemic potency (GGE/100 g of bread) 

of homogenized breads was significantly higher than the non-homogenised samples for the 

kibbled grain breads. The breads B60 and B75 that showed the greatest increase in digestibility 

after homogenising had the highest content of grain particles > 2.8 mm in diameter.  The 

glycaemic potency of non-homogenised B75 is 46.7% less than the glycaemic potency of WB.  

In-vitro GI estimates were high when the kibbled grain breads such as B45, B60 and B75 were 
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Figure 7.6 In-vitro starch digestion curves of breads made with different proportions of > 2.8 mm soft bread wheat grains (A) 0%, (B) 15%, (C) 30%, (D) 45%, 
(E) 60% and (F) 75% digested for 120 min with 0.2 ml of 5% pancreatin measured as intact and after homogenized. Points are the average of 2 samples; intervals 
are (±) SD. Blue dashed line fitted data for first 20 min of digestion. 
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Figure 7.7 Glycaemic glucose equivalents on the basis of (A) 100 g of bread and (B) 100 g of CHO and (C) Rate of starch digestion (20 min) of breads made with 
different proportions of >2.8 mm bread wheat grains (A) 0%, (B) 15%, (C) 30%, (D) 45%, (E) 60% and (F) 75% measured as intact and after homogenized. (D) 
Relationship between different proportions of >2.8 mm bread wheat grains (A) 0%, (B) 15%, (C) 30%, (D) 45%, (E) 60% and (F) 75% with the rate of starch 
digestion (mg glucose/g starch/min) in intact bread samples.  Points are the average of 2 samples; intervals are (±) SD. 

 

abc
c c

d d
e

abc abc
a abc ab abc

0

20

40

60

80

100

WB B15 B30 B45 B60 B75

G
ly

ca
em

ic
 in

d
ex

G
G

E
/1

00
 g

 o
f 

ca
rb

o
h

yd
ra

te
s

Breads

(D)
Intact Homogenized

y = -1.7132x + 3.2877
R² = 0.9434

0

1

2

3

4

5

0% 20% 40% 60%

R
at

e 
o

f 
S

ta
rc

h
 

d
ig

es
te

d
 a

t 
20

 m
in

s

Proportion of Intact grains 

(B)

ab cd d e f g
ab bc ab a bc bc

0

20

40

60

80

100

WB B15 B30 B45 B60 B75

G
ly

ca
em

ic
 p

o
te

n
cy

G
G

E
/1

00
 g

 o
f 

b
re

ad

Breads

(C)
Intact Homogenized

a a a
b

c
d

de ef
g ef fg ef

0

1

2

3

4

5

WB B15 B30 B45 B60 B75

R
at

e 
o

f 
st

ar
ch

 
d

ig
es

ti
o

n
 (

m
g

/g
/m

in
)

Breads

(A) Intact Homogenized



124 
 

Our results have shown that the in-vitro digestion procedure we used was highly sensitive to 

the effects of particle size on digestion and that the GGE/100 g of breads decreased as the 

content of large particles increased, however when the breads were homogenized these 

differences vanished. Therefore, the presence of large grain particles in high proportions was 

responsible for reduced in-vitro glycaemic potency. The results showed that while particle size 

is associated with reduced glycaemic potency in some breads, the proportion of these large 

particles (>2.8 mm at 75% inclusion) in the whole breads is a major factor that indicates 

reduced glycaemic potency. For instance, the glycaemic potency of bread B75 made with 75% 

of >2.8 mm kibbled grains, was 10.20% less than that of   B65, made with 65% of > 2.8 mm 

kibbled grains. 

When the data presented in Figure 7.6 A-D were fitted to linear regressions for the first 20 

min, the slopes of the regressions estimated the relative rate of starch digestion. When the 

relative rates of digestion are compared for non-homogenized and homogenized breads, it is 

very clear that all breads except WB, B15 and B30 had slower rates of digestion over the first 

20 min when digested intact (Figure 7.7 A). The proportion of kibbled particles was 

significantly and negatively correlated with the relative rate of starch digestion. Increasing the 

particle content to 65% decreased the rate of starch digestion by 34.5%, and increasing it to 

75% by 46.26%. This proves the conclusions from Chapter 4 that the current inclusion rates of 

about 30% in current New Zealand supermarket breads have no potential to lower the 

glycaemic potency and starch digestibility in these breads.   

 Development of low glycaemic breads with different grains 

Strategies to develop low glycaemic breads showed that increasing the proportion of > 2.8 mm 

particles of bread wheat to 75% can halve glycaemic potency when consumed non-

homogenized. In this part of the study, we evaluated the effects of inclusion of different types 

of kibbled grains (>2.8 mm) at 75% when digested non-homogenized or homogenized on the 

in-vitro starch digestibility and glycaemic potency. As expected, in comparison to 

homogenized breads, in all the non-homogenized kibbled grain breads starch digestion was 

50%-70% lower, glycaemic potency 21%-39% lower, and rates of starch digestion 31%-61% 

lower due to the effects of particle size and the proportion of kibbled grains on digestion 

(Figure 7.8). However, homogenizing did make a large difference to the digestibility of the 

breads analyzed.  





126 
 

  Figure 7.8 In-vitro starch digestion curves of breads made with different types of >2.8 mm grain particles (A)75% soft bread wheat, (B) 75% of purple wheat, 
(C) 75% of peas, (D) 75% of soy, (E)37.5% of peas and 37.5% of purple wheat and (F) 35% of soy and 35% of purple wheat digested for 120 min with 0.2 ml of 
5% pancreatin measured as intact and after homogenized. Points are the average of 2 samples; intervals are (±) SD. Blue dashed line fitted data for first 20 min of 
digestion 
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Figure 7.9.  Glycaemic glucose equivalents on the basis of (A) 100 g of bread and (B) 100 g of CHO and (C) Rate of starch digestion (20 min) of breads made 
with different types of  grains measured as intact and after homogenized. Points are the average of 2 samples; intervals are (±) SD
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Figure 7.10 In-vitro starch digestion curves of breads made with different types of kibbled grains (entire line) and of the kibbled grains extracted from the breads 
(dashed line) (A)75% bread wheat, (B) 75% of purple wheat, (C) 75% of peas, (D) 75% of soy, (E)37.5% of peas and 37.5% of purple wheat and (F) 35% of soy 
and 35% of purple wheat digested for 120 min with 0.2 ml of 5% pancreatin measured. Points are the average of 2 samples; intervals are (±) SD. 
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proportion of free available starch is reduced by the of intact grain particles. Having 25%, white 

bread matrix in 75% kibbled grain breads results in 40% of the starch being digested at 20 min. 

 Informal consumer acceptance 

Figure 7.11 Friedman Test performed for acceptability rates form the hedonic scale. Points are the 
average of 40 subjects; intervals are (±) SD. 

Though all the breads made with kibbled particles had similar and low glycaemic potency and 

starch digestibility, consumer acceptability was highly important before testing them for the 

human intervention study. As these breads contain a large proportion of partially intact grains, 

their texture and taste are not like store-bought breads. Before investigating our results with a 

human intervention study, informal consumer acceptance was needed to choose the breads that 

had overall acceptability by the consumers. All 40 of the subjects completed the consumer 

acceptance, and the results analysed. The between-subject variations in the acceptability of 

breads were large, as is typical of such studies, but no outliers were removed. The scores for 

each bread for the participants were processed to Friedman ranking using SPSS software. 

Kibbled purple wheat bread and kibbled soy-purple wheat bread had the highest ranking of 

2.5±1.7 and 2.0±1.1, respectively (Figure 7.11) for scores between liked very much 0 and 

disliked 6. These breads were used for the in-vivo study (Chapter 8). 
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 Conclusions 

Grain content and particle size were highly important in making bread with low in-vitro 

glycaemic potency. In our study, the maximum proportion of intact particles > 2.8 mm was 

75%, which when intact decreased the rates of starch digestion compared to the finely divided 

flours in white breads. The present study has, therefore, been about the potential effect that 

intact grain particles might have on the glycaemic potency of bread. However, in reality, when 

the effects of chewing are taken into account the role of grain particles in reducing the 

glycaemic potency of wholegrain breads is likely to be close to that of white bread. 
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Chapter 8: Determination of glycaemic potency of kibbled grain 

breads- An in vivo study. 

 Introduction  

From the knowledge gained in the previous chapters, a range of kibbled grain breads containing 

75% of > 2.8 mm grain particles in the bread matrix were developed and the best in terms of 

flavour and texture identified through informal consumer acceptability. The following breads 

were selected and used for a human intervention study: (>2.8 mm) kibbled purple wheat bread 

(PB), (>2.8 mm) kibbled soy - purple wheat bread (SPB) and a reference white bread (WB) 

with the results being reported in this chapter. These breads were examined either with the 

grains intact (I) or homogenized (H), using the in-vitro digestive analysis with 5 ml of 0.2% 

wt/wt pancreatin as mentioned in Section 7.2.6.                          

Figure 8.1 (A) Glycaemic indexin-vitro values and (B) Glycaemic potency in-vitro  for white bread (WB), and 
breads containing >2.8 mm kibbled purple wheat (PB) or >2.8 mm kibbled soy-purple wheat (SPB) with 
treatments: Intact (I) and homogenized (H) (p < 0.05). (Means ± SD). Results with a common letter in the 
data label do not differ significantly. 

In Chapter 7 it was reported that increasing the proportion of >2.8 mm grain particles in the 

bread matrix reduced the GGE/100 g CHO by 30% when the breads were digested in-vitro 

without homogenisation compared to the white breads (Figure 8.1 A). However, when the 

kibbled grain breads were completely homogenized and digested in-vitro, GGE/ 100 g CHO 

was similar to the white bread. As the in-vitro model measures extreme structural states of a 

bread (intact vs homogenized).  It is of interest to investigate the effect of in-vivo processing as 

the bread is ingested by human subjects as chewing may not destroy grain particle structures 
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as effectively as homogenization.   Therefore, during the intervention study presented here, 

three experimental breads were tested and consumed in three different ways: as usual, 

swallowed without chewing (intact) and swallowed after homogenization.  

The primary aim of this study was to demonstrate the effect of kibbled grain and the role of 

grain structure for breads consumed by human subjects.  The effects on postprandial blood 

glucose responses were compared to those after consuming a white bread meal. A realistic 

intake of sufficient bread to provide 40 g of potentially available carbohydrate in all samples 

consumed. The secondary aim was to determine the effect of chewing breads during 

consumption on the modulation of glycaemic response. 

 Materials and Methods: 

 Materials 

Bread ingredients: Wheat flour (Champion Flour Milling Ltd, 12.2% moisture, 11.5% 

protein, 1.4% fat, 76.8% carbohydrates), salt (Woolworths, Home brand), sugar (Chelsea, NZ 

Sugar Company Ltd), wheat gluten (Cargill, Inc), vegetable oil (Harvest, Natural sugars New 

Zealand Ltd) and instant dry yeast (Edmonds, Goodman Fielder New Zealand Ltd) were 

purchased from the local supermarket. Country oven dobrim 90 dough improver was purchased 

at Bakels, New Zealand. Purple wheat and soy were obtained from the General Health Store, 

Auckland, New Zealand. Tap Water was used from the Palmerston North domestic supply. 

Digestion chemicals: Dry pepsin powder (Pepsin EC 3.4.23. from Porcine stomach mucosa, P 

7000, 800-2500 U/ml) and porcine pancreatin (P7545, 8 x USP specifications) were purchased 

from Sigma-Aldrich, USA. Fungal amyloglucosidase (EC. 3.2.1.3. from A Niger, E-AMGDF; 

3260 U/ml) was purchased from Megazyme International Ltd.  

 Grain Milling  

Purple wheat were purchased de-hulled while soybeans were de-hulled and milled after 

purchase, as mentioned in Section 3.2.1.  
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Figure 8.2 Flow chart of bread baking. a. WB = white bread, b. PB = purple kibbled wheat bead, c. SPB = kibbled soy/kibbled purple wheat bread.

a b c 
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Homogenized (H) 

1. White bread (reference): 105 g homogenized with 188 ml of water  

2. Purple wheat kibbled bread: 126 g homogenized with 171 ml of water 

3. Soy-purple wheat kibbled bread: 163 g homogenized with 150 ml of water  

A randomised repeated measures design was used in which each participant received all breads 

once, with the order of the breads and treatments randomised for each participant. A Latin 

square was used to ensure every subject had every combination of bread and treatment 

(chewed/unchewed/homogenised), and that every combination of bread and treatment was 

tested at least once per week. To fit the study into the available time (seven weeks), for each 

person there were two weeks when they came in for two tests that week, testing different 

combinations; this meant all combinations were tested at least once in a week and some were 

tested twice. 

The human intervention study presented here used nine test breads, each formulated to contain 

40 g CHO based on the digestive analysis of the homogenized sample described in Section 

8.2.2 and Table 8.1. The moisture content of reference WB, PB and SPB was measured 

according to AOAC (1995) and was found to be 40.2%, 47.2% and 49.1 % respectively. 

Therefore, an allowance was made for the difference in the moisture content between the 

breads in all calculations and weight measurements.  

The weights of the test breads for ingestion were carefully calculated to maintain equal intakes 

of CHO (40 g) and ensure the amount of water provided would keep the intake volume the 

same for all samples (Table 8.2). An additional 150 ml of water was provided to be consumed 

with all samples. In-vitro digestive analysis showed that WB, PB and SPM contained 38.11%, 

31.65%, and 24.57% available carbohydrates, respectively. So, for instance, the amount of WB 

required to deliver 40 g available carbohydrate was: 40/38.11 x 100 = 104.96 g. Each bread 

was tested once by each participant. 

Breads were baked once a week and divided into required portions and frozen until testing. All 

breads were thawed to room temperature overnight (14 h) and weighed before serving. Breads 

for treatment H were homogenized with 150 ml of water not more than 1 h before testing. 

 

Homogenized (H) 



138 
 

Table 8.2 Weights of test foods (g), available carbohydrate content and water used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Chewed (consumed as normal). U = unchewed. H = homogenized  2To equalise water content of treatments. WB = white bread, 
PB = purple kibbled wheat bead, SPB = kibbled soy/kibbled purple wheat bread. 

 Subjects   

Twenty-four volunteers were recruited for the initial screening using a flyer that briefly 

described the study. Volunteers were pre-screened at PFR, and asked initial recruitment 

questions in order to determine their suitability to take part in the study. The nature of the study 

and their involvement and responsibilities were described to them. Eligible volunteers who 

were willing to participate were invited to attend the study at PFR premises. Each volunteer 

was presented with an information sheet (Appendix L ), containing study details, and an 

informed consent form. Their fasting blood glucose concentration and glycated haemoglobin 

(HbA1c) were measured to make sure that they were within the normal (non-diabetic) range 

and to familiarise them with the blood sampling procedure to be used in the study if they took 

part.  

A total of twelve participants (five male and seven female) were recruited for the final study. 

The characteristics (mean±SD) of the study group were: age 33.3±11.7 years, BMI 23.6±3.3 

kg/m2, fasting glucose 4.4±SD 0·3 mmol/l and HbA1c 34.5± 4.5 mmol/mol. The participant 

number (n = 12) exceeds the minimum number (n=10) specified by the current ISO method 

Test 
foods Treatment1 CHO 

(g) 

Weight 
of bread 

(g) 

Water 
for 

drinking 
(ml) 

Water for 
Homogenizing 

(ml) 

Additional 
drinking 

water (ml)2 

WB 

C 40 105 300 _ 38.18 

U 40 105 300 _ 38.19 

H 40 105 150 150 38.20 

PB 

C 40 126 300 _ 21 

U 40 126 300 _ 21 

H 40 126 150 150 21 

SPB 

C 40 163 300 _ _ 

U 40 163 300 _ _ 

H 40 163 150 150 _ 
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Figure 8.4 Blood glucose responses (means ± SEM) induced by equal carbohydrates (40 g) for the three breads: A white bread (WB), B kibbled purple wheat 
bread (PB) and C kibbled soy-purple wheat bread (SPB) with three treatments: Chewed (C), unchewed (U) and homogenized (H). 
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Figure 8.5 (A) Glycaemic index(GI in vivo) values (%) and (B) Glycaemic potency in vivo  (GGE/100 g 
bread) for white bread (WB), kibbled purple wheat bread (PB) and kibbled soy-purple wheat (WB) with 
three different treatments: Chewed (C), unchewed (U) and homogenized (H). The GI values were based 
on each bread ingested to give a dose of 40 g of potentially available carbohydrate (measured in the 
homogenised sample) (LSD = 20.51, p < 0.05). The RGP values were based on each bread ingested to 
give a dose of 40 g of potentially available carbohydrate (measured in the homogenized sample) and then 
calculated to an equal 100 g intake of bread (LSD = 5.58, p < 0.05). (Means ± SEM). Results with a 
common letter in the data label do not differ significantly. 

The formation of the bolus, the time in mouth and wetting by saliva are important factors for the 

oral digestion process (Hoebler, 2000) a bread slurry drink would have had less time in the mouth 

with a very little exposure to the salivary amylase and would be quickly dispersed in the acidic 

gastric phase, in which amylase activity would be inhibited. Therefore, the intact particles in 

the PB bread probably contributed little to reduce the GI of the bread ingested unchewed or 

homogenized. SPB bread containing high proportions of soy and purple wheat >2.8 mm, 

showed a low glycaemic potency relative to the WB in all forms (chewed, unchewed and 

a a a
ab

cd

bc

cd
d cd

0

10

20

30

40

C U H C U H C U H

WB PB SPB

G
ly

ca
em

ic
 p

o
te

n
cy

 in
 v

iv
o

(g
)

(B)

ab ab ab
a

c

abc abc

bc abc

0

20

40

60

80

100

C U H C U H C U H

WB PB SPB

G
I i

n
 v

iv
o

(%
)

(A)



146 
 

homogenized) in which it was ingested. However, the differences between the three forms in 

which SPB was consumed were small.  

This finding should not be surprising since the dentition and chewing action involved in human 

mastication has evolved specifically to reduce food structure and convert potentially digestible 

food components to available nutrients. Reducing the proportion of glycaemic material in 

breads while maintaining good organoleptic properties seem to be the most effective and 

reliable strategy to decrease the glycaemic potency of breads and could be a focus of future 

research for the development of breads with reduced glycaemic potency.  

 In-vitro prediction of glycaemic response to kibbled grain breads. 

Table 8.4 Relationship between glycaemic glucose equivalents (GGE) determined in-vivo (y) and GGE 
determined in-vitro (x) from the area between the in-vitro GGE release 100 g of food basis1. 

GGEs based on 100 g of breads (RGP) measured as the area under the blood glucose response 

curve from in vivo was correlated with in-vitro results as: (A) Chewedin-vivo vs. homogenized 

in-vitro; (B) Unchewedin-vivo vs. Intactin-vitro; (C) Homogenizedin-vivo vs. Homogenizedin-vitro. 

RGPin-vitro that was calculated from in-vitro sugar release curves (taking into account the 

glucose disposal) accurately predicted in-vivo glycaemic potency over the range of bread 

intakes in the three different forms (Table 8.4). The correlation was very close and showed 

Samples Treatments Experiment Glycaemic 
potency 

Correlation 
equation 

 

  
 y R2 

All breads 

Chewed (y) vs. 
Homogenized (x) 

In-vivo (y) vs. in-
vitro (x) 

y=1.24x - 5.17 0.90 

Unchewed (y) vs. 
Intact (x) 

In-vivo (y) vs. in-
vitro (x) 

y=0.76x + 5.39 0.98 

Homogenized (y) 
vs. Homogenized 

(x) 

In-vivo (y) vs. in-
vitro (x) 

y=0.76x + 6.38 0.99 
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that over the whole dataset the in-vitro and in vivo methods of estimating glycaemic potency 

were highly correlated (Monro, 2002; Monro & Mishra, 2010; Monro et al., 2010a). 

 Conclusion 

Kernel structure played a significant role in reducing the glycaemic potency of the breads only 

when the grains were swallowed intact. This suggests that even with larger proportions of intact 

grain particles, the glycaemic potency of the breads cannot be greatly reduced due to the 

chewing factor, which tends to destroy much of the plant structure that was intended in the 

formulation to reduce the rate of starch digestion and hence the blood glucose response after 

consuming the breads. High proportions of whole-grain were only effective in reducing 

glycaemic potency when the particles were intact. 
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Table 9.1  Ingredients and formulations for white (WB), low protein breads and high protein breads. 

  Flour  Sugar Salt Gluten Improver  Yeast Oil Water P*  G* X*  H* F*  

 White bread (WB) 53 1 1 2 0.3 1.7 1.8 39.2      

Low 

protein 

breads 

WB+P(WP) 48 1 1 2 0.3 1.7 1.8 39.2 5     

WB + G (WG) 48 1 1 2 0.3 1.7 1.8 39.2  5    

WB + X (WX) 48 1 1 2 0.3 1.7 1.8 39.2   5   

WB + H (WH) 48 1 1 2 0.3 1.7 1.8 39.2    5  

WB + F (WF) 48 1 1 2 0.3 1.7 1.8 39.2     5 
               

High 

protein 

breads 

High protein bread 

(HP) 
38 1 1 2 0.3 1.7 1.8 39.2 15     

HPB +  G (HPG) 33 1 1 2 0.3 1.7 1.8 39.2 15 5    

HPB + X (HPX) 33 1 1 2 0.3 1.7 1.8 39.2 15  5   

HPB + H (HPH) 33 1 1 2 0.3 1.7 1.8 39.2 15   5  

HPB + F (HPF) 33 1 1 2 0.3 1.7 1.8 39.2 15    5 

*P- protein, G- guar gum, X- xanthan gum, H- high amylose starch, F- wheat fibre. 
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3. WB + G: Bread made with white bread matrix made with flour substituted 5% by guar gum 

(WG) 

4. WB + X: Bread made with white bread matrix made with flour substituted  5% by xanthan 

gum (WX) 

5. WB + H: Bread made with white bread matrix that is substituted using 5% high amylose 

starch with flour (WH) 

6. WB + F: Bread made with white bread matrix that is substituted using 5% wheat fibre with 

flour (WF) 

 

High protein breads: 

7. High Protein bread: Bread made with white bread matrix that is substituted using 15% soy 

protein isolate with flour (HP) 

8. HP + G: Bread made with high protein matrix in which the flour is substituted 5% by guar 

gum (HPG) 

9. HP + X: Bread made with high protein matrix that is substituted using 5% xanthan gum 

with flour (HPX) 

10. HP + H: Bread made with high protein matrix that is substituted using 5% high amylose 

starch with flour (HPH) 

11. HP + F: Bread made with high protein matrix that is substituted using 5% wheat fibre with 

flour (HPF) 

 In-vitro digestion 

The rate of in-vitro amylolysis of the bread samples was measured, as mentioned in Section 

3.1.3. Samples (5g) of each of the breads, were weighed into 70 ml digestion pots containing 

30 ml of deionized water. The samples were homogenized and subjected first to simulated 

gastric peptic digestion followed by an amylolytic phase at pH 6.5 that simulated small 

intestinal digestion by adding a 1 ml aliquot of 5% pancreatin (P7545, Sigma-Aldrich, USA; 8 

x USP specifications) and 0.1 ml of fungal amyloglucosidase (EC. 3.2.1.3. from A niger, 

Megazyme, E-AMGDF; 3260 U/ml) as described in Section 3.1.3. 

Aliquots (0.5 ml) before adding the enzymes and after the addition of pancreatin were taken at 

10, 20, 40, 60 and 120 min. and the reducing sugars were measured by DNS method as detailed 

in Section 3.1.4. Sugar released at 120 min was measured as total available carbohydrates in 

the breads. The glycaemic potency of breads was derived from the analytical glucose 
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Figure 9.1 In-vitro digestive profile for (A) Low protein breads: WP, WG, WX, WH, WF and (B) High protein breads: HP, HPG, HPX, HPH, HPF based on 100 
g of breads. Simulated blood glucose response curves for 100 g of bread based on the in-vitro digestion curves (C) Low protein breads: WP, WG, WX, WH, WF 
and (D) High protein breads: HP, HPG, HPX, HPH, HPF. WB - reference. Points are the average of 2 samples; intervals are (±) SD.  
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Chapter 10 
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incorporating up to 60% of kibbled grain particles does not transfer to normal consumption of 

breads.  

By exploiting kernel structure, this research has presented that the intactness of kernel structure 

in cereals is the limiting factor that controls the rate and extent of amylolysis of starch entrapped 

inside the digestion resistant cell walls in the kernel structure. Reducing gelatinization by 

controlled hydration has demostrated that it could limit starch digestibility but organoleptic 

properties are compromised and the breads are commercially unacceptable.  Larger grain 

particles result in low and slow digestion of starch in grain particles due to the diffusion of 

enzyme and product limitations.    

After a careful exploration of several strategies which was aimed at reducing starch digestibility 

and glycaemic potency, a range of kibbled grain breads was made with a high proportion of 

large kibbled grains which were tested in-vitro and in-vivo. We developed a novel technique 

based on the type of eating the bread; chewed (eat as usual), unchewed and homogenized to 

study the effects on kernel structure on glycaemic potency in vivo.  

The results showed that even with larger proportions of intact grain particles, the glycaemic 

potency of the breads could not be greatly reduced as chewing tends to destroy much of the 

plant structure that was intended to reduce the rate of digestion and the blood glucose response 

after consuming the breads as usual.  Moreover, it is also clear that kernel structure can act as 

an efficient barrier to the ingress of the amylolytic enzyme, provided that mechanical damage 

during oral processing during digestion is prevented. If the passage of intact grains to the large 

intestine can be achieved, fermentation of dietary fibres and resistant starch present in these 

structures by the resident microbiota may have health benefits however, the introduction of 

significant amounts of starch into the colon may have other undesirable effects. The in-vitro/in-

vivo determination of glycaemic potency of homogenised and non-homogenised breads 

allowed correlation of results from the two methods and extrapolation to predict GI and 

glycaemic potency. The correlations were high and showed that in-vitro and in-vivo methods 

corresponded well for the homogenised samples.  

Since the product matrix, as opposed to kernel particles embedded in it makes a major 

contribution to glycaemic potency, the differences in the disassembly and digestion of starch 

in breads with the addition of various non-flour components such as proteins, fibres and NSPs 

was exploited. My work showed that reducing the proportion of CHO either by direct 

substitution or starch for other ingredients or as a result of incorporating grain particles 
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Appendices 

A. Study on the optimal pancreatic concentration   

 
In-vitro digestive profile for white (W) and mixed grain (M) breads digested with different volumes of 
5% pancreatin (A) 1 ml (B) 0.5 ml (C) 0.1 ml (D) 0.05 ml (E) 0.01 ml (F) 0 ml. Points are the average of 
2 samples; intervals are (±) SD. 
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B. Precision of various amounts of 5% pancreatin used to digested white 

and mixed grain breads 

Precision of experimentally determined Av. CHO in white and mixed grain breads digested by 1.0 ml of 
5% pancreatin in comparison to the Av. CHO provided in the nutrient information panel. Points are the 
average of 2 samples; intervals are (±) SD.  
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D. Chemical composition of cereals 

Chemical composition 

g/100 g of sample  
Carbohydrates Protei

n 
Fat Ash Dry 

Matter   
By 

difference 
By in-vitro 
digestion 

Starc
h 

Sugar 
(T=0) 

Total 
fibre  

Insoluble 
fibre  

Soluble 
fibre  

 
   

Broad beans 63.10 45.56 37.76 7.80 7.90 4.00 3.90 22.60 2.9
0 

1.20 89.80 

Peas 66.10 50.97 40.78 10.19 8.72 6.24 2.48 20.50 2.8
0 

1.30 90.70 

Rice 77.70 51.80 42.22 9.57 5.10 3.66 1.43 7.50 1.2
0 

2.20 88.60 

Rye 76.50 59.93 49.36 10.57 13.14 10.24 2.90 11.10 1.5
0 

0.90 90.00 

Soy 30.40 17.42 4.79 12.63 11.80 7.38 4.43 35.80 4.9
0 

21.6
0 

92.70 

Streaker barley 75.50 56.83 37.93 18.90 18.17 14.09 4.08 11.10 1.6
0 

2.40 90.60 

Bagherra 
barley 

75.80 56.17 26.50 29.67 14.83 7.71 7.12 10.60 1.7
0 

1.70 89.80 

Reliance wheat 73.70 62.03 51.13 10.90 6.57 6.21 0.36 14.10 1.4
0 

1.30 90.50 

Empress wheat 75.60 73.01 64.26 8.75 4.26 3.52 0.74 10.60 1.5
0 

1.50 89.20 

Amethyst 
wheat 

75.50 52.74 41.77 10.98 5.87 4.43 1.44 11.30 1.5
0 

1.30 89.60 

Tyrian wheat 73.30 47.17 36.07 11.10 7.83 5.45 2.38 12.50 1.5
0 

1.80 89.10 

Corn 80.40 64.42 55.18 9.24 3.79 1.64 2.15 7.10 0.3
0 

0.50 88.30 
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G. Soaking times 

 

Soaking profiles of > 2.8 mm particles of  (A) Broad beans, (B) Peas, (C) Rice. (D) Rye, (E) Soy, (F) Streaker barley (G) Bagherra barley (H) Reliance wheat (I) 
Empress wheat (J) Amethyst wheat (K) Tyrian wheat and (L) Corn. 
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K. Australian New Zealand Clinical Trials Registry.  
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Our research has shown that a serving of kibbled grain bread may have a small effect on blood 

glucose concentrations, compared with a serving of white bread. It is therefore possible that 

substituting kibbled grain breads for white breads in a meal, without altering the total available 

carbohydrate intake, may lower the blood glucose response to the meal. This may be beneficial 

for people with impaired glucose tolerance, such as those with Type 2 diabetes. This study will 

compare the effect of intact grain structure in kibbled grain breads on blood glucose response 

compared with standard white bread. 

WHAT DOES THE STUDY INVOLVE?  

The study is a randomized repeated measures design which means you will be asked to 

consume nine test foods, in a particular way, one per testing session, in random order.  

The test foods will be as follows: 

Standard chewed (C) 

4. White bread (Reference): 105 g plus 188 ml of water 

5. Purple wheat kibbled bread: 126 g plus 171 ml of water 

6. Soy-purple wheat kibbled bread: 163 g plus 150 ml of water 

Unchewed (U) 

4. White bread (reference): 105 g plus 188 ml 9of water 

5. Purple wheat kibbled bread: 126 g plus 171 ml of water 

6. Soy- purple wheat kibbled bread: 163 g plus 150 ml of water 

Homogenized (H) 

4. White bread (reference): 105 g homogenized with 188 ml of water  

5. Purple wheat kibbled bread: 126 g homogenized with 171 ml of water 

6. Soy-purple wheat kibbled bread: 163 g homogenized with 150 ml of water  

An additional 200 ml of water will be consumed with all diets.Therefore you will need to be 

available for nine testing sessions, which will be separated by 3 days to a week. Individuals 

will be chosen to participate in the study if they are within the age bracket (18-65) and 

considered to be generally healthy.  Health status will be determined initially by the use of a 

health questionnaire, which asks about your current and past health issues.   

Eaten as usual 

Chewed  

Homogenized  

Unchewed 
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Trial day (fasted from 9 pm the previous day) 

 

The research in this project will be undertaken in a culturally sensitive manner with all aspects 

of the trial explained in full to you in a manner most suitable to you. We will be available to 

answer questions throughout the study and will seek advice from appropriate advisory groups 

should it be necessary. You will be given access to interpreters at any time in the study should 

you require them. The opportunity for whanau support is available at all times. 

WHAT DO WE EXPECT FROM YOU?  

Screening: If you agree to take part in this study, we will make an initial appointment for you 

to come into Plant & Food Research in Palmerston North. At this appointment, we will measure 

your height and weight and ask you some questions about your general health. This is so we 

can assess if you are eligible to participate in the study. If you are eligible we will ask you to 

have a quick blood glucose test to check that your blood glucose is in the normal range by 

measuring glycated haemoglobin (HbA1c). The test involves taking a small finger prick sample 

of blood and testing it, as is done by people with diabetes at home.   

POSSIBLE BENEFITS AND RISKS FROM THIS STUDY 

This study focuses on the effects of natural commonly consumed foods on blood glucose levels 

and does not use any pharmaceutical products, so the chance of risks and side-effects is 

minimal. Due to the initial exclusion of subjects with a history of breads, soy, wheat or glucose 

intolerance, it is unlikely that there will be any adverse reaction to the foods. If you think you 

are intolerant of glucose, wheat, soy or of bread products you would be advised not to take part 

in the study. You may experience a small discomfort from the finger prick to draw blood; 

however, the finger prick device is used daily by many people with diabetes. If any discomfort 

occurs, you will be given the opportunity to take a break, or if necessary stop participation in 

the study.  You may feel hungry on trial days as some test meals may be less than you would 

normally consume for breakfast. However, you will be able to consume as much as you wish 
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study, your file will be held in a locked cupboard or filing cabinet when not in use. At the end 

of the study, your files will be kept for 10 years in secure document storage, and then destroyed 

by shredding.  

RIGHTS 

Participation in this study is completely voluntary, and you have the right to decline to 

participate or to withdraw from the research at any stage, without the need to give a reason and 

also without experiencing any disadvantage.  As some personal information is obtained from 

you during this study, you have the right to access the information that we have collected about 

you at any stage.  You will also be informed of your own blood glucose readings as soon as 

they become available; we would tell you if there was the reason for concern.  Information 

obtained, from the questionnaire and blood samples, will be kept completely confidential at all 

times.  Only the investigators of the study will have access to these records.    

If any new information arises about adverse or beneficial effects related to this study that may 

have an impact on health, then you will be informed straight away.  If you have any queries or 

concerns about your rights as a participant in this research study you can contact an independent 

health and disability advocate. This is a free service provided under the Health and Disability 

Commissioner Act. 

Telephone (NZ wide): 0800 555 050 

Free Fax (NZ wide): 0800 2787 7678 (0800 2 SUPPORT) 

Email (NZ wide): advocacy@hdc.org.nz 

This study has been given approval by the New Zealand Health Ethics Committee. 

CONTACT DETAILS  

If you have any questions about the study at any time please do not hesitate to call:  

Akila Srinivasagam (Trial coordinator) Contact numbers: 021 0491606 

Dr John Monro (Principal investigator)  Contact number: (06) 355 6137 

Dr Suman Mishra (Co-Investigator)            Contact number: (06) 3556146 
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