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INTRODUCTION 

Recently, eating habits have changed in the developed countries. Instead of the consumption 

of the traditional, natural foods, the refined foods that are easy to be digested and contain high 

calories are consumed every day. Besides the sedimentary lifestyle, the changes of the eating 

habits led to the spread of obesity worldwide. Only in the USA, nearly 100 million adults are 

overweight or obese. Obesity puts people at risk for hypertension, dyslipidemia, diabetes 

mellitus type 2, heart disease, and many other chronic disorders.  

Diet rich in dietary fibre is considered to be generally low in saturated fat and have several 

other health benefits; therefore, many national authorities have long recommended greater 

consumption of grain and fibre-rich products to control weight. The National Academy of 

Sciences of the Institute of Medicine within the United States has recommended a daily intake 

of fibre of 38 g/day for adult men and 25 g/day for adult women; however, the mean intake is 

now maximum 20 g/day. The consumption of dietary fibres seems to be a promising solution 

according to their definition (AACC report): ―Dietary fibres ... are resistant to digestion and 

absorption in the human small intestine with complete or partial fermentation in the large 

intestine. ... Dietary fibres promote beneficial physiological effects including laxation, and/or 

blood cholesterol attenuation, and/or blood glucose attenuation.‖ In a report of a Joint 

FAO/WHO Expert Consultation, resistant starch is defined as dietary fibre as well. Resistant 

starch that escapes digestion in the human small intestine appears to have a unique 

combination of physiological and functional properties compared to traditional types of fibre. 

Namely, the consumption of high amount of resistant starches may improve glucose and lipid 

metabolism, can reduce the risk of diabetes mellitus type 2, coronary, and heart diseases as 

well as colorectal cancer and other gastrointestinal disorders. Additionally, commercial 

resistant starches have desirable physicochemical properties making it useful in a variety of 

foods. Moreover, resistant starches do not influence the sensory properties of starch-based 

products (bread, pasta, cookies, pudding, yoghurt etc.) significantly. 

The demand for the application of resistant starch as a functional ingredient is growing, thus, 

the analysis of its structural, thermal, rheological, and digestibility properties have great 

importance. Moreover, the understanding of the relationship between structural characteristics 

and functional as well as nutritional properties of resistant starches can help food producers in 

optimizing industrial applications. 

There are several mechanical and physical treatments in the food production, which affects 

the extent and the rate of starch hydrolysis, the amount of resistant starch as well as the role 
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played by resistant starch in human digestive tract. As it was shown in previous studies, 

resistant starches can be sensitive for different treatments used in food manufacture, which 

can cause changes especially in the resistance; however, it is also possible to increase its 

concentration in food products through specific processing conditions. 

 

Accordingly, in my studies it was aimed to investigate the properties of resistant starches 

using slightly or not yet applied devices in their analysis, to examine the effects of some food 

technologies and to test the effects of different conditions on RS enriched bread products. 

After the literature overview, the aims of this thesis will be summarized. 
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1 LITERATURE OVERVIEW 

1.1 Generally about the starch molecule 

Humans and their ancestors have always eaten starchy foods derived from seeds, roots and 

tubers. Trace amounts of rice have been radioactive carbon dated to a medium age of 11500. 

Maize probably originated in Mexico, the oldest record is dating back 7000 years. Wheat is 

believed to have originated in the fertile crescent of the Middle East, where radiocarbon 

dating places samples at, or before 6700 BC (Schwarz & Whistler, 2009). The practical use of 

starch products and, perhaps of starch itself, developed when Egyptians used this substance as 

an adhesive whilst the ancient Greeks used it in medical preparations. The popularity of starch 

grew in Europe around the 14th century, owing to its use for stiffening linen and starch was 

subsequently adopted for cosmetic purposes. 

Although the history of starch usage by man has been variously described for thousands of 

years, starch has been extensively studied and discussed in the literature only in the last two 

centuries (Kaur et al., 2007a). Next to its proper stiffening and adhesive properties, starch is 

especially important because it forms the main source of energy in the human diet, nowadays 

mainly in the form of bread and pasta products. Additionally, it is also used as gelling and 

pasting component in sauces, soups, dressings and spreads (Wang et al., 1998). 

Starch is the dominant carbohydrate reserve material of higher plants, being found in leaf 

chloroplasts and in the amyloplasts of storage organs such as seeds and tubers. Biosynthesis 

of starch granules takes place primarily in the amyloplasts. 

Starches isolated from different botanical sources display characteristic granule morphology. 

Starch granules vary in shape (spherical, oval, polygonal, disk, elongated and kidney shapes), 

in size (1 m-100 m in diameter), in size distribution (uni- or bimodal), in association of 

individual (simple) or granule clusters (compound) and in composition (α-glucan, lipid, 

moisture, protein and mineral content). Some different starch granules can be seen in Figure 

1. Normal and waxy maize starches (Figure 1a and 1b) are spherical and polygonal in shape. 

Wheat starch has bimodal size distribution (Figure 1c). The large granules have a disk shape, 

whereas the small granules have a spherical shape. Potato starch (Figure 1d) has both oval and 

spherical shapes. High amylose maize starches (Figure 1e) have elongated, filamentous 

granules, in addition to polygonal and spherical granules. The greater the amylose content of 

the starch, the greater the number of filamentous granules found in the high amylose maize 

starch (Jane, 2009; Tester et al., 2004). 
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Figure 1 Different starch granules: (a) normal maize; (b) waxy maize; (c) wheat; (d) 

potato; (e) high amylose maize (Jane, 2009) 

 

Starch granules are composed of two types of alpha-glucan, amylose and amylopectin, which 

represent approximately 98-99 % of the dry weight. The ratio of the two polysaccharides 

varies according to the botanical origin of the starch; normal starches contain 70-80 % 

amylopectin and 20-30 % amylose (Jane, 2009; Tester et al., 2004). In mutant lines of diploid 

species originating from crops such as maize, starches can be obtained with amylose contents 

in the range of 0% (waxy maize) to 84% (amylomaize) (Matveev et al., 2001). 

Amylose and amylopectin have different structures and properties; however, both molecules 

are composed of a number of monosaccharides (glucose) linked together with alpha-1,4 

and/or alpha-1-6 linkages. Amylose is a mainly linear polymer consisting of long chains of 

alpha-1,4-linked glucose units. Its molecular weight is approximately 1*10
5
-1*10

6
, it has a 

degree of polymerisation (DP) by number (DPn) of 324-4920 with around 9-20 branch points 

equivalent to 3-11 chains per molecule (Smith, 2001; Wang et al., 1998). The chains can 

easily form single or double helices. On the basis of X-ray diffraction studies, the presence of 

A-type and B-type amylose is indicated. The structural elements of B-type are double helices, 

which are packed in an antiparallel, hexagonal mode. The central channel surrounded by 6 

double helices is filled with water (36 H2O/unit cell). A-Type is very similar to B-type, except 

that the central channel is occupied by another double helix, making the packing closer. In 

this type, only 8 molecules of water per unit cell are inserted between the double helices. 

Amylopectin is a much larger molecule than amylose with a molecular weight of  

1*10
7
–1* 10

9
 and a heavily branched structure built from about 95 % alpha-1,4 and 5 % 

alpha-1,6 linkages. The DPn is typically within the range 9600-15900. Chain lengths of 20 to 

25 glucose units between branch points are typical. Its structure is often described by a cluster 

model (Figure 2). 

Short chains (A) of DP 12-16 that can form double helices are arranged in clusters. The 

clusters comprise 80 % to 90 % of the chains and are linked by longer chains (B) that form the 

other 10 % to 20 % of the chains. Most B-chains extend into 2 (DP about 40) or 3 clusters 

(DP about 70), but some extend into more clusters (DP about 110). B chains bind to other B 

a b c d e 
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chains or to a C chain which has a reducing end and of which there is one per molecule 

(Sajilata et al., 2006; Wang et al., 1998). 

 

 

Figure 2 The cluster model of amylopectin molecule (Sajilata et al., 2006) 

 

Clusters of many short linear chains (with DP between 12 and 70) are thought to be more 

crystalline than the branching regions, and to form thin crystalline lamellae (5-7 nm thick) 

which alternate with less crystalline (3-4 nm thick) regions composed of the branch points 

(Pérez et al., 2009). On the basis of X-ray diffraction experiments, about 70 % of the mass of 

starch granule is regarded as amorphous and about 30 % as crystalline (semicrystalline 

character). The amorphous regions contain the main amount of amylose but also a 

considerable part of the amylopectin. The crystalline region consists primarily of the 

amylopectin (Sajilata et al., 2006). The schematic organisation of amylose and amylopectin 

molecules in starch granule can be seen in Figure 3. 

Classification based on diffractometric spectra does not follow the morphological 

classification, but is also able to group most starches conveniently according to their physical 

properties. Generally, most cereal starches give the so-called A-type pattern; some tuber 

starches (e.g. potato) and cereal starches rich in amylose yield the B-type pattern, while 

legume starches generally give a C-type pattern while V-type occurs in swollen granules 

(Pérez et al., 2009). These types depend partly on the chain length making up the amylopectin 
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lattice, the density of packing within the granules, and the presence of water (Sajilata et al., 

2006). 

 

 

Figure 3 Schematic of the organisation of a starch granule (Jane, 2009) 

 

A-Type: The A-type structure has amylopectin of chain lengths of 23 to 29 glucose units. The 

hydrogen bonding between the hydroxyl groups of the chains of amylopectin molecules 

results in the formation of outer double helical structure. In between these micelles, linear 

chains of amylose parts are packed by forming hydrogen bonds with outer linear chains of 

amylopectin. 

B-Type: The B-type structure consists of amylopectin of chain lengths of 30 to 44 glucose 

molecules with water inter-spread.  

C-Type: The C-type structure is made up of amylopectin of chain lengths of 26 to 29 glucose 

molecules, a combination of A-type and B-type.  

V-Type: The V-type is a generic term for amyloses obtained as single helices co-crystallized 

with compounds such as iodine, dimetil-sulfoxide (DMSO), alcohols or fatty acids (Buléon et 

al., 1998). For example, the amylose-lipid complex in native starch granule is amorphous (or 

crystalline) and can be annealed into a more ordered semicrystalline form which displays a V-

type pattern (Jane, 2009). 

 

Starches can be classified based on their nutritional characteristics as well which can be seen 

in next chapter. 
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1.2 Classification of starches based on their nutritional properties 

For nutritional purposes, starch can be classified into three categories by the Englyst test 

(Berry, 1986; Englyst et al., 1992), depending on their rate and extent of digestion; these 

include rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch 

(RS). The main enzymes, which take part in starch hydrolysis, are amylases and 

amyloglucosidases resulting glucose, maltose and dextrins liberation during the digestion 

(Annison & Topping, 1994). 

 

RDS is the fraction of starch granules that cause a rapid increase in blood glucose 

concentration after ingestion of carbohydrates. This fraction of starch in vitro is defined as the 

amount of starch digested in the first 20 min of a standard digestion reaction mixture (Englyst 

et al., 1992). Although RDS is defined by experimental analysis of digestion in vitro, the rate 

of starch conversion to sugar follows similar kinetics in the human digestive system (Dona et 

al., 2010). RDS means mainly amorphous starch fractions that occur in high amounts in 

freshly cooked or baked starchy foods (bread, potatoes; Annison & Topping, 1994). 

 

SDS is the fraction of starch that is digested slowly but completely in the human small 

intestine (Dona et al., 2010). SDS is defined as the starch that is digested after the RDS but in 

no longer than 120 min under standard conditions of substrate and enzyme concentration 

(Englyst et al., 1992). The potential health benefits of SDS in vivo include stable glucose 

metabolism, diabetes management, mental performance, and satiety (Lehmann & Robin, 

2007). Mostly physically inaccessible amorphous starches, raw starches with A-type or C-

type crystalline pattern and B-type starches either in granule form or retrograded form belong 

to this type. 

 

The fraction of starch that escapes digestion in the small intestine, and cannot be digested 

within 120 min, is defined as RS (Dona et al., 2010). The term of ―resistant starch‖ derives 

from Englyst et al. (1982). Later, it has been defined formally by the European Flair 

Concerted Action on Resistant Starch (EURESTA) as the starch or products of starch 

degradation that escapes digestion in the human small intestine of healthy individuals and 

may be completely or partially fermented in the large intestine as a substrate for the colonic 

microflora acting as a prebiotic material (Faraj et al., 2004). 
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Resistant starch has been classified into four general subtypes (Figure 4) called RS1, RS2, 

RS3 and RS4 (Asp et al., 1996; Englyst et al., 1992; Fuentes-Zaragoza et al., 2010; Nugent, 

2005; Sajilata et al., 2006). 

RS1 (Figure 4a): It has a compact molecular structure which limits the accessibility of 

digestive enzymes. This starch is entrapped within whole or partly milled grains or seeds and 

tubers (Fuentes-Zaragoza et al., 2010; Haralampu, 2000). It is measured chemically as the 

difference between the glucose released by the enzyme digestion of a homogenized food 

sample and that released from a nonhomogenized sample. RS1 is heat stable in most normal 

cooking operations, which enables its use as an ingredient in a wide variety of conventional 

foods (Sajilata et al., 2006). 

RS2 (Figure 4b): RS2 are native, uncooked granules of starch, such as raw potato, banana and 

high amylose maize starches, whose crystallinity makes them poorly susceptible to 

hydrolysis. They are protected from digestion by the conformation or structure of the starch 

granule. This compact structure (tightly packed in a radial pattern and is relatively 

dehydrated) limits the accessibility of digestive enzymes, and accounts for the resistant nature 

of RS2. A particular type of RS2 is unique as it retains its structure and resistance even during 

the processing and preparation of many foods; this RS2 is called high amylose maize starch. 

RS2 is measured chemically as the difference between the glucose released by the enzyme 

digestion of a boiled homogenized food sample and that from an unboiled, nonhomogenized 

food sample (Fuentes-Zaragoza et al., 2010; Nugent, 2005; Sajilata et al., 2006). 

RS3 (Figure 4c): RS3 refers to non-granular starch-derived materials that resist digestion. 

Starch granules are disrupted by heating in an excess of water in a process commonly known 

as gelatinisation, which renders the molecules fully accessible to digestive enzymes. 

However, if these starch gels are then cooled (retrogradation), they form starch crystals that 

are resistant to enzymes digestion. It may be formed in cooked foods that are kept at low or 

room temperature. Therefore, most moisture heat-treated foods contain some RS3. It is found 

in small quantities (approximately 5%) in foods such as corn-flakes or cooked and cooled 

potatoes. RS3 can be divided into two subtypes: RS3a (IIIa) containing crystalline 

amylopectin and RS3b (IIIb) having a partially crystallized amylose network (Themeier et al., 

2005). It is measured chemically as the fraction, which resists both dispersion by boiling and 

enzyme digestion. RS3 is of particular interest, because of its thermal stability. This allows it 

to be stable in most normal cooking operations, and enables its use as an ingredient in a wide 

variety of conventional foods. Food processing, which involves heat and moisture, in most 
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cases destroys RS1 and RS2 but may form RS3 (Fuentes-Zaragoza et al., 2010; Haralampu, 

2000; Sajilata et al., 2006). 

RS4 (Figure 4d): RS4 describes a group of starches that have been chemically modified 

(conversion, substitution, or cross-linking) and include starches which have been etherised, 

esterified or cross-bonded with chemicals in such a manner as to decrease their digestibility. 

RS4 may be further subdivided into four subcategories according to their solubility in water 

and the experimental methods by which they can be analyzed. The level of resistance depends 

on the starch base and the modification reaction (Fuentes-Zaragoza et al., 2010; Nugent, 

2005; Sajilata et al., 2006). 

 

 

 

 

Figure 4 Types of resistant starches: (a) RS1; (b) RS2; (c) RS3; (d) RS4 (Sajilata et al., 

2006) 

 

1.3 Health properties of resistant starches 

Resistant starch can be categorised as a part of dietary fibre. Like soluble fibres, RS also has a 

number of physiological effects which have been proved to be beneficial for health and are 

listed in Table 1. The physiological properties of resistant starch and hence the potential 

health benefits can vary widely depending on the study design and differences in the source, 

type and dose of resistant starch consumed. 

d 
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Table 1 Health properties of resistant starches (Fuentes-Zaragoza et al., 2010; Nugent, 

2005) 

Potential physiological effects 
Conditions where there may be a protective 

effect 

Control of glycaemic and insulinaemic 

responses 

Diabetes, impaired glucose and insulin 

responses, the metabolic syndrome 

Improved bowel health 

Colorectal cancer, ulcerative colitis, 

inflammatory bowel disease, diverticulitis, 

constipation 

Improved blood lipid profile 
Cardiovascular disease, lipid metabolism, the 

metabolic syndrome 

Prebiotic and culture protagonist Colonic health 

Increased satiety and reduced energy 

intake 
Obesity 

Increased micronutrient absorption Enhanced mineral absorption, osteoporosis 

Adjunct to oral rehydration therapies Treatment of cholera, chronic diarrhoea 

Synergistic interactions with other dietary 

components, e.g. dietary fibres, proteins, 

lipids 

Improved metabolic control and enhanced bowel 

health 

 

Thermogenesis Obesity, diabetes 

 

Generally, it can be said that RS acts largely through its large bowel bacterial fermentation 

products (short-chain fatty acids, SCFA) but interest is increasing in its prebiotic potential. 

There is also increasing interest in using RS to lower the energy value and available 

carbohydrate content of foods. RS can also be used to enhance the fibre content of foods and 

is under investigation regarding its potential to accelerate the onset of satiation and to lower 

the glycemic response. The potential of RS to enhance colonic health, and to act as a vehicle 

to increase the total dietary fibre content of foodstuffs, particularly those which are low in 

energy and/or in total carbohydrate content (Fuentes-Zaragoza et al., 2010). In the following, 

the most important health properties will be discussed in details. 

1.3.1 Prevention of colonic cancer and the role of SCFA 

RS, by escaping digestion in the small intestine, is fermented in the large intestine resulting in 

the production of such fermentation products as carbon dioxide, methane, hydrogen, organic 

acids (e.g. lactic acid) and SCFA. SCFA produced include butyrate, acetate and propionate, 

and it is thought that these SCFA in particular mediate the effects of RS, rather than RS 

exerting a physical bulking effect (Nugent, 2005). As butyrate is the main energy substrate for 

large intestinal epithelial cells (colonocytes) and inhibits the malignant transformation of such 

cells in vitro by arresting one of the phase of cell cycle (G1); this makes easily fermentable 

RS fractions especially interesting in preventing colonic cancer. Significant changes in fecal 
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pH and bulking as well as greater production of SCFA in the cecum of rats fed RS 

preparations have been reported. A low (acid) pH in combination with high concentrations of 

SCFA is thought to prevent the overgrowth of pH-sensitive pathogenic bacteria. In most 

human studies, increased faecal excretion and/or faecal concentrations of SCFA were reported 

following supplementation with RS (Nugent, 2005; Sajilata et al., 2006). Recently, it was 

shown that RS dose-dependently suppressed the formation of colonic aberrant crypt foci 

(precursor lesions of colorectal cancer) only when it was present during the promotion phase 

to a genotoxic carcinogen in the middle and distal colon, suggesting that administration of RS 

may retard growth and/or the development of neoplastic lesions in the colon. Therefore, colon 

tumorigenesis may be highly sensitive to dietary intervention (Fuentes-Zaragoza et al., 2010; 

Liu & Xu, 2008).  

1.3.2 Hypoglycaemic effects 

Foods containing RS reduce the rate of digestion. The slow digestion of RS has implications 

for its use in controlled glucose release applications and therefore, a lowered insulin response 

and greater access to the use of stored fat can be expected and, potentially, a muted generation 

of hunger signals. Therefore, RS can help possibly in the treatment of obesity and in weight 

management (Cummings et al., 2004; Nugent, 2005). Next to the prevention of obesity, RS 

can also play a protective role in coronary diseases, gastrointestinal disorders and 

inflammatory bowel diseases (Tungland & Meyer, 2002). 

1.3.3 RS as a prebiotic agent 

Since RS almost entirely passes the small intestine, it can behave as a substrate for growth of 

the probiotic microorganisms. In vitro studies have shown that RS-supplemented diet may 

significantly increase populations of Lactobacilli, Bifidobacteria, Staphylococci and 

Streptococci, decrease the Enterobacteria population, and altere microbial enzyme 

metabolism in the colon (Perera et al., 2010).  

1.3.4 Hypocholesteromelic effects 

RS appears to particularly affect lipid metabolism based on studies in rats where reductions in 

a number of measures of lipid metabolism have been observed (total lipids, total cholesterol, 

low density lipoproteins, high density lipoproteins, very low density lipoproteins, 

triglycerides). Some earlier studies in humans reported a beneficial effect of feeding RS on 

fasting plasma triglyceride and cholesterol levels. However, some other studies indicate that 
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RS consumption does not affect the measures of total cholesterol in humans (Fuentes-

Zaragoza et al., 2010; Nugent, 2005). 

 

For a balanced view of the effect on RS on health, it is important to note that the consumption 

of high amounts of RS may have some negative effects on gastrointestinal performance. 

These include bloating, borborygmi (noise due to gas movement in the intestine), flatulence, 

colic and watery feces. Overall, the benefits of RS consumption are considered to outweigh 

any gastrointestinal discomfort (Perera et al., 2010). 

1.4 Factors affecting the resistant starch content and the enzymatic 

hydrolysis of starches 

Several factors influence the formation of RS, the resistance of starches and the hydrolysis of 

starches itself which will be discussed in details. 

1.4.1 Inherent properties of starch 

Granule morphology (size, shape) 

Granule morphology such as size and shape of starch granules is influenced by the botanic 

origin. There are several studies (Kaur et al., 2007b; Lindeboom et al., 2004; Singh at al., 

2010) in which negative relationship was detected between large size granules of wheat, 

barley and potato starches and starch digestibility. Among starches with different botanic 

origin it was also observed (Lehmann & Robin, 2007) that the rate of hydrolysis increased by 

decreasing the granule size (in the order of wheat starch > maize starch > pea starch > potato 

starch). The higher susceptibility of the smaller granules can be attributed to the bigger 

specific surface area which may increase the extent of enzyme binding (Tester et al., 2006). 

Next to the size of granules, great significance has to be attributed to the granule size 

distribution (Tester et al., 2006). 

The other morphological parameter (shape) also determines the starch hydrolysis. The shape 

of granules varies from very spherical to polyhedral thus affecting the specific surface area 

significantly (Singh et al., 2010). 

Additionally, the molecular association of granules reduce the capacity for amylases to bind 

to granule surfaces thus decreasing the specific surface area (Singh et al., 2010; Tester et al., 

2006; Zhang & Oates, 1999). 
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Surface of the starch granule 

The surface characteristics of the starch granules have been observed to influence their 

enzymatic digestion. Pin holes, equatorial grooves and small nodules have an impact on the 

entry of the amylases to digestion (Singh et al., 2010). Other starches such as potato and high 

amylose starches have smoother surface and fewer pits or pores which can explain the 

resistance of these starches to amylases (Lehmann & Robin, 2007; Tester et al., 2006). 

Crystallinity of starch and the molecular structure 

The A, B and C patterns of starches differ in the packing of the amylopectin double helices 

thereby influencing their hydrolysis. Li et al. (2008) stated that the B-type crystallites are 

more resistant to amylase attack than A-type. The longer chains form longer and more stable 

helices and are more resistant towards enzymatic hydrolysis (Lehmann & Robin, 2007; Singh 

et al., 2010). Themeier et al. (2005) stated that the increasing amount of B-type crystallites is 

proportional to the resistance. In case of C crystallites, the hydrolysis of amorphous region (B 

pattern) began earlier (Shujun et al., 2008). Additionally, the distribution of crystallites in 

starch granules also has an effect on digestibility. The amount of double helices exceeds the 

amount of crystallinity which means that not all double helices are involved in crystallites. 

Probably, the double helices itself resist the amylase hydrolysis. This phenomenon may 

explain why native high amylose starches resist amylase digestion more than native starches, 

even though they are less crystalline. Moreover, Sevenou et al. (2002) highlighted that the 

external region of the high amylose and potato starches are more organized than that of the 

wheat, maize and waxy maize starches which may also cause lower digestibility. 

Amylose-amylopectin ratio 

A higher content of amylose lowers the digestibility of starch due to positive correlation 

between amylose content and formation of RS (Sajilata et al., 2006). The amylopectin is a 

much larger molecule than amylose; therefore, it has a much larger surface area per molecule 

than amylose which makes it a preferable substrate for amylolytic attack. Furthermore, the 

glucose chains of amylose starch are more bound to each other by hydrogen bonds making 

them less available for hydrolysis (Singh et al., 2010). The greater the content of amylose is, 

the more difficult the starch is to gelatinise (Gelencsér, 2009) and the more susceptible to 

retrogradation (Topping et al., 2003). Additionally, the in vitro and in vivo digestibility of 

high amylose starch containing products was lower than that of the control products without 

these starches (Gelencsér, 2009). Ao et al. (2007) observed that the chain length unit of 

amylopectin showed correlation with the digestibility. 
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Moreover, the chain length, the degree of polymerization of amylose and amylopectin 

molecules and the branch density also have an impact on RS content (Ao et al., 2007; Perera 

et al., 2010). The rate of starch hydrolysis is controlled by mass transfer rate (influenced by 

molecular weight distribution, degree of polymerization, content of 1,6 branching bonds of 

the starches) and the effects of the starch structure are dependent on the substrate 

concentration (Singh et al., 2010). 

Retrogradation of amylose 

The rate and extent to which starch may retrograde after gelatinisation essentially depends on 

the amount of amylose present. Repeated autoclaving of starch may generate up to 10% RS. 

The retrogradation of amylose was identified as the main mechanism for the formation of RS 

in processed foods (Sajilata et al., 2006). 

1.4.2 Interactions of starch with other components 

Some molecules naturally occurring in food sources may have inhibitory effects on starch 

hydrolysis. Additionally, the other constituents of the food matrix, such as proteins, lipids and 

polysaccharides can play a significant role during processing thereby affecting the 

physicochemical characteristics of foods and the digestibility of starches. 

Lipids 

The most important non-starch components associated with starch granule may be the lipids 

(1-14 g/kg starch). The lipids (usually free fatty acids and phospholipids) are complexed with 

amylose which makes the amylose chains much less readily accessible to the active site of 

alpha-amylase. They can be usually found on the surface of the granule thus reducing contact 

between enzyme and substrate (Svihus et al., 2005; Tester et al., 2006). The addition of lauric, 

myristic, palmitic and oleic acids can reduce the enzymatic digestibility probably due to the 

formation of inclusion complexes of amylose with small hydrophobic molecules. The 

enzymatic resistance of complexes increases with increasing amylose degree of 

polymerization, lipid chain length and complexation temperature (Singh et al., 2010). 

Proteins 

The surface proteins (3 g or less g/kg starch) may also limit the rate of enzymatic hydrolysis 

by blocking the adsorption sites and therefore influences enzyme binding (Singh et al., 2010; 

Tester et al., 2006). The pulse starches are lower digestible due to their interaction with 

proteins which form a protective network around the granule (Lehmann & Robin, 2007). 

Additionally, the presence of food proteins may influence the rate of starch digestion. The 
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physical barrier created by the protein network (disulfide-linked polymers) in cereals may 

account for decreased glycaemic response and reduced rate of digestion (Sajilata et al., 2006; 

Singh et al., 2010). 

Dietary fibre 

Some dietary fibres (guar and xanthan gums) can slower the rate of glucose release through 

their high viscosity which slows down the absorption of digested products in the small 

intestine (Singh et al., 2010). Other fibres (cellulose, lignin) have only minimal effects on RS 

yields (Sajilata et al., 2006). 

Ions 

Phosphorus naturally presents in starches as phosphate monoesters and phospholipids and 

significantly affects the functional properties of starches. Phospholipids have a tendency to 

form a complex with amylose and long branched chains of amylopectin (Singh et al., 2010). 

Moreover, the phosphorylated starch is less susceptible by enzymes (Tester et al., 2006). 

Additionally, Escarpa et al. (1997) showed investigating potato starch gels that calcium and 

potassium constituents cause decrease in the yields of RS probably due to the prevention of 

formation of hydrogen bonds between amylose and amylopectin chains caused by the 

absorption of these ions. 

Enzyme inhibitors and other components 

A wide variety of food crops such as wheat, rye, triticale and sorghum (not in rice, barley and 

maize) contain amylase inhibitors which may inhibit the pancreatic alpha-amylase (Singh et 

al., 2010). Additionally, the high concentration of anti-nutrients and other components such as 

phytic acid, lectins, polyphenols, sugars and hydrolysis products especially maltose and 

maltotriose may also play a role in starch digestion (Asp et al., 1996; Sajilata et al., 2006; 

Singh et al., 2010). 

1.4.3 Effects of different food processing techniques and treatments 

Almost all food is heat-treated before being eaten. A wide range of techniques is being used 

by the food industry for processing the various food materials. The different processes cause 

alterations in food structure and also influence the nutritional characteristics of the food 

(Singh et al., 2010). The rate of enzymatic digestion is strongly influenced by the different 

processing steps as well (Slaughter et al., 2001). The amount of starches reaching the human 

colon depends significantly on the nature of the diet and the ways in which food has been 

processed (Muir et al., 1995). The type and extent of treatments can mainly affect the 
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digestibility of starch by influencing its gelatinisation and retrogradation (Annison & 

Topping, 1994; Sajilata et al., 2006). The destructuring of the starch granules during 

processing is shown in Figure 5 and Figure 6. Figure 5 demonstrates the effects of shear stress 

next to the effects of thermal treatment while the changes of the starch granules affected by 

heat load only are depicted in Figure 6. Namely, production of starch-based products often 

comprises the combination of shear and thermal treatments. The shear stress (Figure 5) causes 

the macromolecular degradation of starch and the disappearance of the granular structure 

(Barron et al., 2001; van den Einde et al., 2004). 

 

 

Figure 5 The effects of shear and heat on the starch granules (Barron et al., 2001) 

 

During thermal processing, the granules undergo structural changes as well (Figure 6).  

 

Figure 6 The destructuring of starch granules during heat treatment (Bornet et al., 1997) 
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If the water content is high enough, gelatinisation takes place (Biliaderis, 2009). The starch 

gelatinisation process is more complex than a simple granular order-to-disorder transition 

(Ratnayake & Jackson, 2007). Gelatinisation process initiates at low temperatures and 

continues until the granules are completely disrupted (Figure 6). At lower temperatures the 

water increases the mobility of starch (especially amylose in the amorphous regions). Above a 

special temperature the starch polymers become more mobile, the interactions between 

polymers decrease or loose and the starch granules break away. The nature of these structural 

changes depends on the original (native) structure, the amylose to amylopectin ratio and other 

polymer characteristics affected by the botanical source of a given starch and its growth 

environment (Liu & Thompson, 1998; Ratnayake & Jackson, 2007). 

Upon cooling (Figure 6), the gel undergoes transformations leading to a partially crystalline 

structure; both amylose and amylopectin taking part in this process that results in the 

formation of retrograded starch (Roder et al., 2009). Amylose aggregation and crystallization 

have been reported to be complete within the first few hours while amylopectin aggregation 

and crystallization occur at later stages. The ratio of amylose to amylopectin, their chain 

lengths and the presence of lipid influence the degree of retrogradation of starch from cereals 

and pulses (Chung & Liu, 2009; Perera et al., 2010). 

 

The different techniques of food industry (cooking, baking, extrusion cooking, autoclaving, 

and so on and so forth) are known to influence the yield of RS in foods (Sajilata et al., 2006). 

In the following the effects of the most important techniques will be discussed, additionally, 

the technologies investigated in my PhD work will be shown in more details. 

 

Grinding, dehulling, soaking, germination 

Grinding leads to a higher percentage of hydrolysis because the decrease in size distribution 

of the granule results in an increase in the surface area. The other treatments may cause an 

enhancement of digestibility due to the loss of phytic acids, tannins and polyphenols which 

normally inhibit the activity of alpha-amylase (Singh et al., 2010). 

Cooking 

Cooking under conditions of high moisture and temperature can significantly lower the RS 

content by disrupting crystalline structure (Gelencsér, 2009; Roopa & Premavalli, 2008; 

Sajilata et al., 2006). However, some resistant starches show lower sensitivity to heat 

treatments than others (Gelencsér, 2009; Htoon et al., 2009). RS1 is reported as heat stable 
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starch in most normal cooking operations (Sajilata et al., 2006). Ratnayake & Jackson (2007) 

heated different starch samples (maize, wheat, high amylose maize which is RS2) in water 

from 35 °C to 85 °C. 

 

 

 

  

Figure 7 The SEM pictures of maize (a and b), wheat (c and d) and high amylose maize 

(e and f) starches at 35 and at 85 °C after heating (Ratnayake & Jackson, 2007) 

 

It was observed in contrast to maize and wheat starches (see the SEM pictures of starches in 

Figure 7) that the high amylose maize starch did not undergo so intensive morphological 

changes, it did not show granular swelling and only the 50 % of granules were disrupted. It 

can be possible that high temperature treatments destroyed less stable intermolecular bonds 

while not affecting the second – high stability – group of bonds. These data indicate that 

cereals with high amylose content will be more resistant to gelatinisation during processing 

than normal and high amylopectin cereals. This phenomenon can be in agreement with the 

paper of Svihus et al. (2005) who stated that starch content increased substantially with the 

consumption of heat moisture treated high amylose maize starch in the lower small intestine, 

cecum and faeces of rats. Processing may increase the amount of amylose-lipid complexes 

c 

b a 

d 

f e 
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and thus may reduce digestibility of starch as it was observed in severe processing conditions 

as well.  

RS3 starches seem to be stable in most normal cooking operations (Haralampu, 2000). 

However, other authors showed that RS2 and RS3 starches can be sensitive to heat load and 

cooking (Muir et al., 1995; Gelencsér; 2009). Additionally, Woo & Seib (2002) stated that the 

degree of cross-linking determines the heat sensitivity of RS4. 

Extrusion cooking 

This process significantly increases the in vitro digestibility of starches because starches lose 

their structural integrity due to increased shearing and kneading (Singh et al., 2010). 

However, as in case of cooking, the formation of amylose-lipid complexation can prolong the 

starch digestibility during enzymatic hydrolysis (Singh et al., 2010; Svihus et al., 2005). 

Baking 

The gelatinisation of starch during baking is important in relation to the susceptibility of 

starch to enzymatic breakdown. Processing conditions and ingredients may also influence the 

formation of RS in bread (Dewettinck et al., 2008; Kale et al., 2002). Kale et al. (2002) 

showed that the increments in both the baking time and temperature resulted in higher RS 

content of bread. Liljeberg et al. (1996) and Åkerberg et al. (1998) presented that the longer 

baking time; however, the lower baking temperature can increase RS formation in breads. 

However, it is also true that the amylose, that is leaching out of starch granules during 

gelatinisation could quickly retrograde in the first hours after baking (Korus et al., 2009) 

which may cause lower digestibility of high amylose containing products. However, the 

conventional baking conditions radically reduced the RS content of the samples indicating 

their heat sensitivity (Gelencsér, 2009) but the digestibility of RS2 containing samples were 

lower compared to the control products (Dewettinck et al., 2008; Gelencsér, 2009). 

Microwave irradiation 

There is an increasing trend toward to use microwave energy in food processing treatment 

because of the more effective way of heating compared to traditional methods (Anderson & 

Guraya, 2006). Additionally, the microwave irradiation is one of the techniques used to 

modify starches (Lares & Perez, 2006) or the parts of starch granules (Zhongdong et al., 

2005). The modified starches can be beneficial for nutritional purposes in view of the 

decreased digestibility as a result of the applied treatment (Anderson & Guraya, 2006). The 

change in degree of susceptibility of the starches towards enzymatic digestion is a function of 
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the extent to which the microwave heating process induced any changes in the crystalline 

structure of the starches (Singh et al., 2010). The extent and the type of the changes depend on 

the variety of starch as well (Lewandowicz et al., 2000). Additionally, the susceptibility of 

different starches to changes is influenced significantly by their amylose content 

(Lewandowicz et al., 2000) and by their structure (Szepes et al., 2005). In some studies the 

microwave irradiation or microwave cooking improved the digestibility of tuber starches, 

chickpeas and beans, kudzu and maize starches (Sajilata et al., 2006) while Zhang et al. 

(2009) showed that the microwave irradiation can be advantageous to the formation of RS. 

Storage and frozen storage 

However, the RS content of starch-based products decreases caused by cooking, baking and 

other heat treatments in several cases, the storage of these samples can increase RS3 level due 

to retrogradation (Kale et al., 2002; Ozturk et al., 2009). Altering the storage conditions 

(temperature, time), the RS formation can be influenced, enhanced or limited. 

The frozen storage which is usually performed at about -20 °C may result in higher RS 

formation compared to storage at refrigerator temperature (Sajilata et al., 2006). The baking 

industry applies freezing and frozen storage in case of bread dough, pre- or full-baked breads. 

The different techniques influence the technological and nutritional characteristics of bread 

samples thus the RS content and formation as well (Rosell & Santos, 2010).  

Ribotta et al. (2003) described changes in both the structure and arrangement of amylose and 

amylopectin during the frozen storage of bread doughs. The longer dough remains in frozen 

conditions, the more pronounced the degree of starch retrogradation (Selomulyo & Zhou, 

2007). In case of pre-baked breads, it was observed that frozen storage did not cause changes 

in the digestibility (Johansson et al., 1984; Lecerf et al., 2008). The frozen storage of full-

baked breads can result in lower in vivo glycaemic response in healthy subjects (Burton et al.; 

2008). 

1.5 The applied methods in starch and resistant starch analysis 

The morphological, structural, thermal, pasting, rheological properties and digestibility 

characteristics of starches are enjoying increased attention due to the great applicability of 

starches in food industry. Therefore, an overview will be given about the usually applied 

methods in the investigations of these properties. 
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1.5.1 Determination of the physichochemical properties of starches 

The physichochemical properties and functional characteristics of starch systems and their 

uniqueness in various food products vary with starch botanical origin (Singh et al., 2007). 

There are several methods which can be used in the determination of botanical origin. The 

chemical composition of starches is very similar; therefore, the methods investigating the 

microscopic shape character of the granules are spread, such as scanning electron microscopy 

(SEM), light microscopy and X-ray scattering (Li et al., 2010; Shamai et al., 2004). Raman 

spectroscopy and Fourier transform infrared spectroscopy (FT-IR) are also able to classify 

starch samples (Dupuy & Laureyns, 2002; Sevenou et al., 2002). 

 

Differences in granule morphology can be detected using SEM (Singh & Singh, 2001; 

Lindeboom et al., 2004), lower angle laser light scattering (Lindeboom et al., 2004), light 

microscopy (Singh et al., 2007) and small angle X-ray scattering (Shamai et al., 2004). SEM 

is able to differentiate starches by genotype and pasting properties while the light microscopy 

and laser light scattering can characterize granule diameter. Using the small angle X-ray 

scattering, the colloidal structure of starches related to the crystalline structure can be 

investigated. 

 

The swelling power and solubility, which can provide evidence in assessing the extent of 

interaction between starch chains within the amorphous and crystalline domains of the starch 

granule, can be determined applying standard methods (Kaur et al., 2009). Swelling power 

has been reported to be influenced by amylose content, micellar network, and amylopectin 

molecular structure. The difference in swelling power and solubility can be attributed to the 

difference in structure and genetic mapping of the starch granules (Li et al., 2010). 

 

The knowledge of the molecular structure can suggest applications for the starch in products 

to improve their functional characteristics. For example, the ratio of amylose to amylopectin 

greatly affects the functional properties of starches. A variety of procedures have been used to 

determine the amylose content of starch; however, these methods all have their particular 

limitations (Lindeboom et al., 2004). Additionally, the amylose content can be predicted by 

applying near infrared (NIR) spectroscopy (Fertig et al., 2004).  
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Moreover, the spectroscopic techniques themselves can provide appropriate information about 

the structural features of starches and their structural changes during gelatinisation and 

retrogradation. 

The infrared (IR) spectroscopy can detect the short-range order in starch obtaining 

information on the molecular bond vibrations (especially C–O and C–C bonds), yielding both 

qualitative and quantitative information, such as that on the amorphous and crystalline regions 

of the starch granule (Millan-Testa et al., 2005). It was also observed using FT-IR that the 

high amylose maize and potato starches (RS2) exhibited a greater level of ordered structure in 

the external region than wheat, maize or waxy maize starches. It may explain the high 

resistance of potato and high amylose maize starches to amylase hydrolysis compared to 

wheat, maize and waxy maize (Sevenou et al., 2002). Conformational changes in starches, 

due to retrogradation during storage, can be monitored by analysis of the observed band-

narrowing process and of the observed intensity changes of conformational-sensitive bands in 

the 1300–800 cm
-1

 region (Karim et al., 2000). Additionally, FT-IR could detect the 

chemically modified RS4 (starch citrates) as well (Xie et al., 2006). 

The near infrared spectroscopy (NIRS) is used for the analysis of starch bonds vibrations and 

damage. The most characteristic absorption regions for carbohydrates are the bands of 1575–

1595 nm, 2080–2130 nm, 2270–2290 nm and 2310–2335 nm (Gergely & Salgó, 2005; 

Osborne & Fearn, 1986; Williams, 2001). The absorption band around 1585 nm is attributed 

to the first overtone of the O–H stretching vibrations indicating the quantity and strength of 

the intermolecular hydrogen bonds (Osborne & Fearn, 1986). Therefore, this region can be 

applied for following up starch damage (Osborne, 1996). The region of 2080–2130 nm is the 

combination of O–H bending and C–O stretching. It is sensitive for the presence of amylose 

and amylopectin in native starch (Gergely & Salgó, 2005). Furthermore, the starch content of 

different samples can be predicted based on this region (Gergely, 2006). The band of 2270–

2290 nm is characteristic for starch due to the combination of O–H stretching and  

C–C stretching while the region of 2310–2335 nm is specific due to the combinations of C–H 

bending and C–H stretching (Osborne & Fearn, 1986). 

NIR is especially applicable to the study of chemical changes involving the O–H bond in 

different states of hydrogen bonding (Karim et al., 2000; Osborne, 1996). Accordingly, NIR 

has been used for the study of both gelatinisation and retrogradation (Garcia-Rosas et al., 

2009; Osborne, 1996). It is also possible to study bread retrogradation and monitoring the 

degree of cook in extrusion processes. 
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The conformation- and crystallinity-dependent vibrational frequencies of chemical bonds of 

the carbohydrates as well as the gelatinisation and retrogradation process of starch gels can be 

followed by Raman spectroscopy as well (Fechner et al., 2005; Zhbankov et al., 1997). 

Raman spectroscopy measures the stretching and bending of bonds, characterizing these 

motions in terms of energy required and the change in polarizability (Raman) which occurs 

during the vibration (Karim et al., 2000). 

 

Thermal property is an important starch functional property that varies with respect to the 

composition (amylose to amylopectin ratio, phosphorus, lipids and enzymes etc.), the 

molecular structure of amylopectin (unit chain length, extent of branching, molecular weight) 

and granule architecture (crystalline to amorphous ratio), granule morphology and size 

distribution. Differential scanning calorimetry (DSC) is the most common technique used for 

detecting both first order (melting) and second order (glass) thermal transitions. DSC can 

characterize starch modifications, high amylose starches and waxy maize starches as well 

(Singh et al., 2007). The different types of resistant starches showed different behaviour 

compared to native starches (Gelencsér et al., 2008a). Moreover, Haralampu (2000) stated 

that enzyme resistance correlated with the enthalpy of the retrograded starch peak measured 

by DSC. 

 

Rheological properties of a material reflects its structure. The changes during gelatinisation 

are responsible for the rheological characteristics exhibited by starch suspensions during 

heating and shearing. Rheological/pasting behaviour of starch is governed by amylose 

content, granule size distribution, granule volume fraction, granule shape, granule-granule 

interaction (Sajilata et al., 2006; Singh et al., 2007). Starch exhibits unique viscosity 

behaviour with change of temperature, concentration and shear rate. This can be measured in 

terms of rheological/pasting curves obtained with Brabender viscoamylograph or rapid visco 

analyser (RVA). However, RVA has several advantages over the viscoamylograph (Karim et 

al., 2000). Gelencsér et al. (2008a) observed that resistant starches did not gelatinise using the 

standard RVA method. The chemical modification of starches results in a considerable change 

in the rheological properties (Singh et al., 2007). Probably due to its chemical modification 

(esterification with citric acid), RS4 citrate starches can not gelatinise either (Xie & Liu; 

2004). The viscosity parameters of the mixtures prepared by RS addition decreased 

significantly with the amount of RS (diluting effect). The native starches can be differentiated 
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by botanical origin using the RVA, the resistant starches; however, can not be described by 

the origin in this method (Gelencsér, 2009). 

Next to the RVA, the main techniques used for measuring rheological properties are the 

farinograph and a multifunctional new apparatus, the Mixolab. Dough rheological 

measurements are often used to predict the behaviour of wheat dough during processing and 

the quality of the final product. There are many different dietary fibre sources that can be used 

to enhance the nutritional quality of bread; however, they will affect processing and final 

product quality. In case of addition of RS2 and RS3 (maize) starches (Fu et al., 2008; Ozturk 

et al., 2009), the water absorption, dough development times, dough stabilities, dough 

breakdown times, and farinograph quality numbers for the RS-wheat flour blends decreased 

as the RS proportion in the blends increased (0 % – 20 %). However, Sanz-Penella et al. 

(2010) found that flour substitution by RS3 (pea) starch up to 20 % allowed keeping 

mechanical, extensional and viscometric parameters without significant hindering of dough 

machinability. Additionally, Hung & Morita (2004) found that cross-linked corn starch that 

substituted for wheat flour (5 % – 15 %) improved the resistance and extensibility of dough 

against mixing and stretching. 

Mixolab, a new instrument developed by Chopin Technologies Company, has the capabilities 

to measure physical dough properties such as dough strength and stability, and also to 

measure the pasting properties of starch on actual dough. Since it is a new instrument the 

information related to its utilization on different aspects of flour quality is quite limited 

(Kahraman et al., 2008). It is used for the evaluation of cookie and cake baking quality of 

various wheat flours (Kahraman et al., 2008; Ozturk et al., 2008) as well as for the 

characterization of gluten-free flours potentially used in breadmaking (Torbica et al., 2010). It 

is also possible to assess the quality of different wheat genotypes (Koksel et al., 2009). 

Additionally, it is utilized to investigate the effects of hydrocolloids (Rosell et al., 2007) on 

the rheological properties of dough. Moreover, the addition of different dietary fibres can be 

followed up on dough behaviour using the Mixolab device (Rosell et al., 2010); however, the 

incorporation of any types of resistant starches into bread dough has not been investigated yet. 

1.5.2 Determination of the enzymatic digestibility of starches 

Determination of the starch digestibility and RS content of food ingredients and processed 

foods has become vital to the provision of nutritional information to consumers and others 

(Perera et al., 2010). There are several in vitro and in vivo methods in the analysis of 

digestibility characteristics of starches. The digestibility of starch measured in vivo is a time-
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consuming, expensive process that requires many human or animal subjects with specific 

attributes. Since there is no human or animal subject dependence on the measurement of in 

vitro starch digestion, investigation of in vitro digestibility as a replacement for the glycaemic 

indices is an increasingly researched topic (Dona et al., 2010). 

In vitro methods for the analysis of RS in foods are based conceptually on the gastrointestinal 

digestion of starch in foods. In vitro methods can be divided into two groups; there are direct 

and indirect methods. Enzyme hydrolysis is a common feature of all methods. The RS content 

can be calculated as the difference of total starch content and digestible starch content 

(indirect methods; Englyst et al., 1987, Goñi et al., 1996). Using direct methods, the non-

starch polysaccharides, other components and the digestible starch are eliminated and the 

resistant starch can be analyzed by chemical hydrolysis or gravimetric isolation (Berry, 1986).  

Differences in sample preparation are significant and range from mechanical methods 

(milling, grinding and homogenization) to mastication. The type of RS quantified is 

dependent on the protocol. Most methods are focused on the determination of total RS, but 

specific methods have been developed to quantify RS1, RS2 and RS3. At present, significant 

differences exist among procedures with respect to sample preparation, the enzymes used, and 

the establishment of experimental conditions (Perera et al., 2010). Resistant starches are 

typically quantified as part of the total dietary fibre (TDF) content (Englyst et al., 1987). The 

predominant assays for the regulatory determination of TDF are AOAC and AACC methods. 

They are identical. Both old (AOAC 985.29 and AACC 32-05) and new (AOAC 991.43 and 

AACC 32-07) methods in the first step extract lipid, digest carbohydrates and protein 

enzymatically and arrive at the remaining non-digestible fibre content of sample 

gravimetrically. The difference between the old and new methods is in the buffer system and 

washing solutions (Haralampu, 2000). Englyst et al. (1992) have proposed an analytical 

method for rapidly digestible starch, slowly digestible starch and resistant starch and their 

method is used still now (Megazyme, 2004). The Megazyme kit for RS determination is 

widely used in several analytical laboratories and is the basis of both AOAC method 2002.02 

and AACC Method 32-40. Other modifications to the Englyst et al. (1992) method have been 

proposed but the essence of the method (to remove hydrolysable starch with enzymes) 

remained unchanged (Perera et al., 2010). Goñi et al. (1996) cautioned about the possible 

effect of sample preparation in RS protocols as drying, cooling and conditions of storage can 

alter the level of RS in foods. Some modifications have been made to the sample preparation 

step of RS determination with the intent of more closely simulating in vivo digestion. 

Åkerberg et al. (1998) and Muir & O'Dea (1992) employed chewing of food samples to 
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initiate hydrolysis by salivary amylase. According to these authors, the number of times a 

food sample is chewed has a significant effect on the endresult (Perera et al., 2010). 

It is reasonable to expect that variations in analytical procedures, including differences in the 

enzymes used and in their concentration and sequence of application, and dissimilarities in the 

conditions of experiments, would significantly alter the levels of RS detected in similar foods 

(Perera et al., 2010). 

Despite the high charges and complicated procedures, the extent of in vivo human and animal 

(pigs, rats) studies is still very high. It is mainly due to the real matrix in which starches can 

be digested and absorbed according to the metabolism (Gelencsér, 2009). One of the 

possibilities to assay RS physiologically is to determine starch in the undigested ileal content. 

Terminal ileal samples can be recovered by intubation or from ileostomy bags. The classic 

way to substantiate starch digestion is by measuring the glycaemic index of foods which is a 

strong function with the starch digestibility. This method implies collecting blood samples in 

certain times after consumption of carbohydrate containing foods and measuring the serum 

glucose concentration. Determination of breath hydrogen and methane (breath tests) or short 

chain fatty acids in the gut can also be used as a semi quantitative measurement for RS (Asp 

et al., 1996; Sajilata et al, 2006). In summary, it can be said that many intrinsic and extrinsic 

factors affect the in vivo starch digestibility such as transit time, gastrointestinal motility, 

physical insusceptibility, amylase concentration, the presence of other components or the way 

of preparation of food (Annison & Topping, 1994; Dona et al., 2010). 

1.5.3 Relationships between structural, rheological and enzymatic 

properties 

An understanding of the relationship between structural characteristics and functional as well 

as nutritional properties of starches is very important for optimizing industrial applications 

and allowing consumer to select suitable grain varieties for health benefits (Chung et al., 

2010). Additionally, the correlation between the different methods could provide novel 

information on the relationships of enzymatic hydrolysis and rheological characteristics 

(Noda et al., 2008); as well as on the relationship of spectroscopic data and enzymatic or 

rheological parameters (Blanco et al., 2000; Lu et al., 2006). 

Recently, several reports have been carried out to search for correlations between the 

structural characteristics of starches and their thermal (DSC) or rheological (RVA) properties. 

The amylose content (Collado et al., 1999; Katayama et al., 1999; Kaur et al., 2007b; 

Mangalika et al., 2003; Singh et al., 2006; Yu et al., 2010a; Wang et al., 2010), the 
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phosphorus content in potato starches (Kaur et al., 2009; Lu et al., 2011; Zaidul et al., 2007), 

the amylopectin chain length, or combined effects of these parameters (Wickramasinghe et 

al., 2009; Zaidul et al., 2007) were highly correlated with DSC and RVA parameters. 

However, there are only few pieces of information about the relationship between molecular 

and crystalline structures and in vitro starch nutritional fractions (RDS, SDS and RS) in 

starches. Kim & Kwak (2009) reported that peak viscosity of autoclaved maize starches 

showed a negative correlation with their RS content. Moreover, Chung et al. (2010) presented 

that RS content increased with increasing apparent amylose content, proportion of short 

branch chains of amylopectin, amylose leaching, onset temperature of gelatinisation, pasting 

temperature, setback and final viscosity. Pasting viscosity and breakdown had an opposite 

effect on starch nutritional fractions. 

Additionally, there is few literature about the effects of starch pasting properties on starch 

digestibility. Noda et al. (2008) stated that the peak viscosity and breakdown reduced the 

enzymatic digestibility in raw potato starch and tended to decrease the enzymatic digestibility 

in gelatinised potato starch. Using several rice cultivars, Hu et al. (2004) reported that the 

starch with the lowest peak viscosity obviously showed low enzymatic digestibility of 

gelatinised starch in contrast with the results of Noda et al (2008). Thus, the contribution of 

the starch pasting properties to enzymatic digestibility needs further investigation. 

The NIR spectroscopy can be used not only for qualitative but also for quantitative analysis. 

Investigating starches it is an important question whether it is possible to predict pasting 

characteristics or nutritive value of these starches. In several studies NIR spectroscopy was 

appropriate in the prediction of amylose content of starches (Fertig et al., 2004) and of pasting 

and thermal characteristics of starches and flours measured by RVA (Juhász et al., 2005; 

2007; Lu et al., 2006) or by DSC (Bao et al., 2007). Recently, the rate of starch digestion was 

calibrated using NIR technique (Owens et al., 2009) and the starch hydrolysis itself could 

have been monitored (Blanco et al., 2000; Chung & Arnold, 2000). 

1.6 The applicability of RSs in food products 

Resistant starch has a great interest to product developers and nutritionists for two reasons, 

the first being the earlier mentioned potential physiological benefits and the second the unique 

functional properties, yielding high quality products not attainable otherwise with traditional 

insoluble fibres (Fuentes-Zaragoza et al., 2010; Yue & Waring, 1998). 

Commercial resistant starches have desirable physicochemical properties such as swelling, gel 

formation and water-binding capacity, making it useful in a variety of foods. The granular RS 
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has a small particle size, white appearance, bland flavour and also provides good handling in 

processing and crispness, expansion, and improved texture in the final product. Its low water-

holding capacity, make it a functional ingredient that provides good handling and provides 

and improves texture in the final product (Fuentes-Zaragoza et al., 2010; Sajilata et al., 2006; 

Yue & Waring, 1998). 

There are different commercial sources of RS in the market. The first commercial RS (RS2) 

was introduced as Hi-maize in Australia in 1993; this product is a natural granular form of 

starch produced from a maize hybrid containing more than 60% amylose. Commercial 

sources of RS3 for example CrystaLean, Novelose and C*Actistar are highly retrograded 

starches. The Fibersym products belong to RS4 starches and are chemically modified, 

phosphate-estherised products (Sajilata et al., 2006). 

Based on the above mentioned facts, resistant starches can be applied in several food products 

such as breakfast cereals, bakery products and mixtures (Korus et al., 2009; Sanz-Penella et 

al., 2010), cakes and cookies (Laguna et al., 2011), pastas (Gelencsér et al., 2008b; Sajilata et 

al., 2006) and in some special applications as well, for example in pudding (Ares et al., 2009), 

yoghurt (Fuentes-Zaragoza et al., 2010), cheese-imitation (Arimi et al., 2008) and ice cream 

(Homayouni et al., 2008). The amount of RS used to replace flour depends on the particular 

starch being used, the application, the desired fibre level, and, in some cases, the desired 

structure-function claims (Sajilata et al., 2006). 

A panel rated 40% TDF RS loaf cakes as best for flavour, grittiness moisture perception, and 

tenderness 24 h after baking. Based on an evaluation by a trained sensory panel of toasted 

waffles for initial crispness, crispness after 3 min, moistness and overall texture, RS waffle 

showed greater crispness than control or traditional fibre (Fuentes-Zaragoza et al., 2010). 

Baixauli et al. (2008) studied the instrumental texture characteristics of muffins enriched with 

resistant starch and noted that its addition produced a softer texture; the samples were less 

hard, elastic and cohesive, reflecting a more tender structure; these effects were more evident 

at higher concentrations of resistant starch. Laguna et al. (2011) investigated biscuits with 

added RS-rich ingredients (the level of substitution was 20 %, 40 % and 60 %) and found that 

the RS addition increased the breaking strength and crumbliness and reduced the resistance to 

penetration. Their results proved that resistant starch-rich ingredients have good potential for 

developing fibre-rich biscuits without changing their general features up to 40% of 

substitution level. 

Moreover, RS can improve expansion in extruded cereals and snacks. RS may also be used in 

thickened, opaque health beverages in which insoluble fibre is desired (Fuentes-Zaragoza et 
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al., 2010). Arimi et al. (2008) have successfully substituted most or all of the fat in imitation 

cheese with resistant starch without adversely affecting meltability or hardness and conferring 

the well-established benefit of resistant starch as a functional fibre. 

However, among the starch-based products bread and pasta samples are consumed the most 

widely. The two products however differ from the digestibility point of view. Namely, bread 

has large amount of rapidly digestible starch content and small amount of resistant starch 

(about 2.5 %) in the baked product after the bread making process (Murphy et al., 2008) while 

pasta samples show lower digestibility probably due to the dense protein network which 

limits the accessibility of starch to amylase (Hoebler et al., 1999). Due to the high 

consumption level of bread and pasta samples, several studies were carried out to increase the 

amount of resistant starches in these products and to decrease the glycaemic response in 

human body after consuming such products..  

RS enriched bread products provided superior quality compared to traditional fibres enriched 

samples (Yue & Waring, 1998). Additionally, bread containing 40% TDF RS had greater loaf 

volume and better cell structure compared with traditional fibres tested (Fuentes-Zaragoza et 

al., 2010). Gelencsér (2009) stated that the commercial resistant starches could be added to 

bread products up to 20 % without causing changes in sensory properties; however, the 

physical properties were negatively influenced. Additionally, resistant starches showed strong 

heat sensitivity in bread products. 

The incorporation of RS in pasta products imparts improved textural properties and health 

benefits (Premavalli et al., 2006). Gelencsér (2009) showed that the flour could be replaced by 

20 % of RS without changing the cooking properties and consumer acceptance of samples. 

However, the effects of technological steps always have to be taken into account. 

 

 

Summarizing the introduction part it can be concluded that the resistant starches play an 

important role in our nutrition due to their physiological and functional properties. The 

consumption of resistant starches and RS enriched products provide healthier life expectation 

and foods with appropriate sensory properties. The question of resistance; however, is very 

complex; therefore, the investigations of these starches is especially important. The properties 

of starches, the technological steps and the applied methods can all influence the digestibility 

itself.  
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1.7 Aims of the studies 

 

The aims of my PhD studies were the follows: 

 

 

1) to investigate the physicochemical characteristics of resistant starches compared to native 

starches using near infrared spectroscopy as a new method in RS analysis 

2) to determine the effects of moisture heat treatment on resistant starch containing mixtures 

applying a mono-enzymatic three-hour long hydrolysis procedure and to investigate the 

effects of microwave treatments on the properties of resistant starches compared to native 

starches 

3) by using this microwave treated model system, the sensitivity of two different 

spectrophotometers is also tested 

4) to search for correlations between rheological and enzymatic digestibility properties of 

mixtures containing resistant and native starches 

5) to investigate the applicability of Mixolab as a new rheological device in the analysis of RS 

containing starch-based samples 

6) to analyze the effects of the alterations of different baking conditions on the digestibility of 

RS containing bread samples and to examine the effects of different baking and freezing 

technologies on the digestibility, physical and sensory properties of bread samples 
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2 MATERIALS and METHODS 

2.1 Resistant and native starches 

Based on the previous research of Gelencsér (2009) which was carried out on resistant 

starches; two types of resistant starches were selected for our studies: RS2 and RS4 starches. 

RS2 and RS4 starches showed lower digestibility compared to RS3 starches, even after heat 

treatments (Gelencsér, 2009). Hi-maize
™

260 (National Starch and Chemical GmbH, 

Hamburg, Germany) was applied as RS2 while Fibersym
™

70 or Fibersym
™

RW (Loryma 

GmbH, Zwingenberg, Germany) was used as RS4. The maize-based Hi-maize
™

260 has 60% 

total dietary fibre according to the AOAC method 991.43. Fibersym
™

70 and Fibersym
™

RW 

are chemically modified phosphate wheat starches; the former contains 70% total dietary 

fibre, the latter has 85% total dietary fibre according to the AOAC method 991.43. 

Additionally, the properties and heat treatment behaviour of two native starches: maize 

(S4126) and wheat (S5127) starches (Sigma Aldrich Co., St. Louis, MO, USA) were 

investigated and compared to RSs. 

2.2 The investigations of resistant and native starches using near 

infrared (NIR) spectroscopy 

2.2.1 The investigated samples 

The native starches (maize and wheat starches) and Hi-maize
™

260 as well as Fibersym
™

70 as 

resistant starches were applied in this NIR study. The starches were measured as is and in 

their physical mixtures as well. The mixtures were made by using a single native starch and a 

single resistant starch in the ratio of 20%, 40%, 60% and 80% (w/w), respectively. Maize 

starch was marked as M, wheat starch as W, Hi-maize™260 as H and Fibersym™70 as F. 

The number next to the two capitals means the ratio of the resistant starch in the mixtures, for 

example MH40 notes 40% Hi-maize™260 and 60% native maize starch. 

2.2.2 The NIR spectroscopy method 

2.2.2.1 Scanning of NIR spectra 

The powdery starch samples were packed into the standard sample cups (internal diameter is 

55 mm; depth is 10 mm) and they were stamped until no further compression was observed. 
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The standard sample cups were equipped with quartz window and threaded back. The starch 

samples were scanned from 1100 to 2498 nm using NIRSystems Model 6500 monochromator 

system (Foss NIRSystems, Inc., Silver Spring, MD, USA) fitted with a rapid content analyser 

(RCA) module in reflectance mode (Figure 8). Data were collected in every 2 nm using 

Vision 3.20 SP5 software (Foss NIRSystems, Inc., Silver Spring, MD, USA) and stored as the 

average of 32 scans for each sample. Four spectra were recorded rotating the standard sample 

cup to 0°, 90°, 180° and 270° positions in all cases. 

 

 

Figure 8 The dispersive NIR spectrophotometer type of Foss NIRSystems 6500 with 

RCA module 

2.2.2.2 Processing and analysis of NIR spectra 

The raw spectra were processed with different mathematical treatments. Standard normal 

variate (SNV) and then second derivation of spectra were calculated.  

SNV is a scatter correction method (Foss NIRSystems, 2000) used to normalize spectra when 

the effective pathlength varies among samples in a data set. Such pathlength variation can 

occur when measuring the spectra of powdery samples as in our case because particle sizes as 

well as colour vary between samples. SNV is calculated as follows, each spectrum is mean 

centred then divided by its standard deviation. The usage of SNV was previously tested and 

found essential (Hódsági et al., 2010a). 

After the SNV, the spectra were treated using second derivation. The second derivative 

calculation (Foss NIRSystems, 2000) begins by identifying three segments at one end of the 

spectrum, each separated from other by a gap. Average absorbance values are calculated for 

the first, second and third segments (A, B and C, respectively). The second derivative value 

computed as A-2B+C is assigned to the midpoint of the second segment. Then the whole 

sequence of three segments and two gaps are shifted one data point and the calculations are 

repeated until a second derivative value has been calculated for all data points in the 

spectrum. 
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Additionally, the second derivation was previously optimized. The specified segment size was 

2, 6, 10 and 14 nm. The optimal segment size was 10 nm for keeping the signal-to-noise ratio 

along the spectra (data not shown; Hódsági et al., 2010a). 

The mathematical treatments helped to eliminate the baseline shift and sloping background 

absorption, which arises from the physical nature of the sample. Additionally, the overlapped 

peaks can be resolved thus conducing to the assignment of a signal to certain functional 

groups. 

We analysed the whole spectra and the four most characteristic absorption bands for 

carbohydrates (Gergely & Salgó, 2005; Osborne & Fearn, 1986; Williams, 2001), namely 

carbohydrate I (1575–1590 nm, the first overtone of O–H stretching), carbohydrate II  

(2080–2130 nm, the combination of O–H bending and C–O stretching), carbohydrate III 

(2275–2290 nm, the combination of O–H stretching and C–C stretching) and carbohydrate IV 

(2310–2335 nm, the combination of C–H bending and C–H stretching). These bonds provide 

the most comparable and changeable regions of the samples; therefore, they were 

investigated. The reproducibility of the spectral acquisition was good; the observed 

differences derived from the chemical features of the starches. The parallel scanning of the 

samples were averaged and the changes of average spectra were followed. 

Variance in the intensity values of the local minimums reveal both quality and quantity 

differences. However, shift in the local minimums indicate bigger differences in quality due to 

the distinct peaks and wavelength absorption bands of starches.  

The whole pretreated spectra (SNV + second derivation) were analysed using principal 

component analysis (PCA) and applying Statistica 8.0 software (StatSoft Inc, Tulsa, CA, 

USA, 2007) as well as Microsoft Excel 2007 (Microsoft Corporation, Redmond, WA, USA). 

2.3 Measurement of the effects of heat treatments on resistant and 

native starches 

2.3.1 The in vitro digestibility of resistant and native starches before and 

after cooking 

2.3.1.1 The investigated samples 

The native (maize and wheat starches) and resistant starches (Hi-maize
™

260 and 

Fibersym
™

70) were measured as is and in their physical mixtures as well. In each case, the 

mixtures were made by using a single native starch and a single resistant starch in the ratio of 
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20%, 40%, 60%, and 80% (w/w), respectively. The coding of the samples was the same as it 

was described in chapter 2.2.1. The cooked samples were prepared as follows: 2.50 ± 0.01 g 

of a sample was weighted into a plastic beaker, and then 10 ml of distilled water was added to 

the sample. After that, the suspension was mixed using a stick, and the plastic beaker was put 

in the boiling water bath. The suspension was cooked for 5 min using continuous stirring at 

100 °C. 

2.3.1.2 The in vitro enzymatic hydrolysis method 

The enzymatic digestion was carried out according to the method of Tudorică et al. (2002) 

with some modifications detailed here: 0.50 ± 0.01 g of untreated starch samples and  

2.40 ± 0.01 g (concerning to dry material content) of cooked starch samples were weighted 

into the centrifuge tubes, and then 5 ml porcine pancreatic alpha-amylase (160 U*mL
-1

, EC 

3.2.1.1., Sigma Aldrich, Budapest, Hungary, containing 3 U*mL
-1

 amyloglucosidase) in 

phosphate buffer (0.05 M sodium potassium phosphate buffer, pH=6.9) were added to the 

samples. Samples were incubated at 37 °C with continuous shaking (Labcon, FSIM-SP016, 

Sun Valley, CA, USA); sampling was carried out after 30, 60, 90, 120, and 180 min. The 

amount of liberated glucose during digestion was measured using the glucose-oxidase-

peroxidase (GOPOD, EC 1.1.3.4., EC 1.11.1.7., Fabió Co. Ltd, Budapest, Hungary) 

enzymatic kit. The test method was calibrated with the given standard glucose solution (5.55 

mmol*L
-1

). Each sample was measured in triplicates and results were given as liberated 

glucose (mgglucose/gstarch). The kinetic curves were evaluated using the GraphPad Prism 4 for 

Windows software (GraphPad Software, Inc, San Diego, USA, 2003). The data were analysed 

statistically by T-tests for independent samples using Statistica 8.0 (StatSoft Inc, Tulsa, CA, 

USA, 2007) and Microsoft Excel 2007 (Microsoft Corporation, Redmond, WA, USA). 

Results from the tests were obtained as means ± SD (standard deviation). Significance level 

was p < 0.05. 

2.3.2 The effects of microwave treatments on resistant and native starches 

2.3.2.1 The microwave irradiation of samples 

Two samples (20.0±0.1 g of untreated samples in open glass vessel; 120 mm in diameter, the 

height of the starch layer was 5 mm) of the native (maize and wheat starches) and resistant 

starches (Hi-maize
™

260 and Fibersym
™

RW) were microwave (MW) -treated according to a 

2^2 experimental design. The two parts of the same sample were mixed resulting 40.0 g from 

each sample. Maize starch was marked as M, wheat starch as W, Hi-maize™260 as H and 
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Fibersym™RW as Fw. Irradiation was carried out for 30 (factor one, level one) or 150 s 

(factor one, level two) with a Samsung microwave oven (type MW87Y, South Korea) under 

300 (factor two, level one) or 600 W (factor two, level two) of microwave power. Table 2 

contains the MW treatments in the increasing order of the hypothetically transmitted MW 

energy. In the coding of samples the intensities from Table 2 can be followed up, for example 

‗M2‘ denotes the maize starch treated with the second most intense MW energy. 

 

Table 2 The microwave treatments according to the experimental design in the 

increasing order of the hypothetically transmitted microwave energy 

Coding of the treatment Time (s) * power (W) Microwave energy (kJ) 

0 (untreated) - - 

1 30 * 300 9 

2 30 * 600 18 

3 150 * 300 45 

4 150 * 600 90 

 

2.3.2.2 The in vitro enzymatic hydrolysis method 

The method was performed as described above (2.3.1.2) with the following differences:  

0.50 ± 0.01 g of the starch samples was weighted into the centrifuge tubes, and then 5 ml 

porcine pancreatic alpha-amylase (110 U*mL
-1

, EC 3.2.1.1., Sigma Aldrich, Budapest, 

Hungary, containing 3 U*mL
-1

 amyloglucosidase) in phosphate buffer (0.05 M sodium 

potassium phosphate buffer, pH=6.9) were added to the samples. 

The results of the enzymatic digestion were evaluated with the GraphPad Prism 4.03.354 

software (GraphPad Software Inc., San Diego, USA, 2003) and Microsoft Excel 2007 

(Microsoft Corporation, Redmond, WA, USA). T-tests for independent samples and the 

analysis of 2^2 experimental design were performed using Statistica 8.0 (Statsoft Inc., Tulsa, 

CA, USA, 2008) software. Results from the tests were obtained as means ± SD (standard 

deviation). The significance level was p < 0.05. 

2.3.2.3 The rapid visco analyser method 

The viscograms of the starches were recorded using a Rapid Visco Analyser RVA-4SA 

(Newport Scientific Pty. Ltd, Warriewood, NSW, Australia) interfaced with a personal 

computer equipped with Thermocline for Windows software. Standard 1 measurement profile 

(ICC Standard Method No. 162) was used and the viscosity parameters were recorded in cP 

units (1 cP = 1 mPas
-1

). Starch (3 g, adjusted to 14% moisture basis) and 25 ml water were 

measured and mixed in the aluminium sample bin. The starch slurry was equilibrated at 50 °C 
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for 1 min, heated from 50 to 95 °C in 3 min 42 s, maintained at 95 °C for 2.5 min, cooled to 

50 °C in 3 min 48 s, and held at 50 °C for 2 min. The paddle speed was 960 rpm for the first 

10 s, then 160 rpm for the remainder of the experiment. Each sample was analysed in 

duplicates. 

The viscogram representing the profile and the RVA parameters is shown in Figure 9. 

 

 

Figure 9 The standard RVA profile and the typical RVA parameters (Application 

manuals for the RVA, 1998) 

 

Unmodified starch granules are generally insoluble in water below 50 °C. When starch 

granules are heated in water beyond a critical temperature, the granules absorb a large amount 

of water and swell to many times of their original size. Over a critical temperature range, the 

starch granules undergo an irreversible process known as gelatinisation, which is marked by 

crystalline melting, loss of birefringence and starch solubilisation. 

Early in the pasting test the temperature is below the gel temperature of the starch, and the 

viscosity is low. When the temperature rises above the gelatinisation temperature, the starch 

granules begin to swell, and viscosity increases on shearing when these swollen granules have 

to squeeze past each other. The temperature at the onset of the rise in viscosity is known as 

the pasting temperature. 

When a sufficient number of granules become swollen, a rapid increase in viscosity occurs. 

Granules swell over a range of temperatures, indicating their heterogeneity of behaviour. This 

range is reflected in the steepness of the initial rise in viscosity in the pasting curve. 
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As the temperature increases further, the granules rupture and the more soluble amylose 

leaches out into solution, followed at a slower rate in some cases by the amylopectin fraction. 

Granule rupture and subsequent polymer alignment due to the mechanical shear reduces the 

apparent viscosity of the paste. These combined processes that follow gelatinisation are 

known as pasting. 

Peak viscosity occurs at the equilibrium point between swelling and polymer leaching which 

cause an increase in viscosity, and rupture and polymer alignment which cause it to decrease. 

It is common to measure the peak temperature and peak time that occur with the peak 

viscosity. 

During the hold period of the test, the sample is subjected to a period of constant high 

temperature (usually 95 °C) and mechanical shear stress. This will further disrupt the granules 

and amylose molecules will generally leach out into solution and undergo alignment. 

This period is commonly accompanied by a breakdown in viscosity to a holding strength, hot 

paste viscosity or trough. 

As the mixture is subsequently cooled, re-association between starch molecules, especially 

amylose, occurs to a greater or lesser degree. In sufficient concentration this usually causes 

the formation of a gel, and viscosity will normally increase to a final viscosity. This phase of 

the pasting curve is commonly referred to as the setback region, and involves retrogradation, 

or re-ordering of the starch molecules. 

 

Values measured from the pasting profile were determined according to the Applications 

manual for the RVA (1998) as follows (see Figure 9): 

 

(1) the peak viscosity (maximum paste viscosity achieved in stage 2, the heating stage of the 

profile);  

(2) trough (minimum paste viscosity achieved after holding at the maximum temperature, 

stage 3);  

(3) final viscosity (the viscosity at the end of run);  

(4) pasting temperature (the temperature at which starch granules begin to swell and 

gelatinise due to water uptake and defined as an increase of 25 cP over a period of 20 s);  

(5) peak time (the time at which peak viscosity was recorded);  

(6) breakdown (difference between peak viscosity and trough); and  

(7) setback (difference between final viscosity and trough).  
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The RVA parameters were analysed statistically by T-tests for independent samples using 

Statistica 8.0 (StatSoft Inc, Tulsa, CA, USA, 2007); additionally, the analysis of 2^2 

experimental design were performed applying Statistica 8.0 and Microsoft Excel 2007 

(Microsoft Corporation, Redmond, WA, USA). Results from the tests were obtained as means 

± SD (standard deviation). Significance level was p < 0.05. 

2.3.2.4 The NIR spectroscopy method – using two different NIR spectrophotometers 

Scanning of NIR spectra 

Two different instruments (dispersive NIR and Fourier transform NIR) were used to collect 

the spectra of the starches placed in standard sample cups (internal diameter is 55 mm; depth 

is 10 mm). The standard sample cups were equipped with quartz window and threaded back. 

Firstly, the starch samples were scanned from 1100 to 2498 nm using NIRSystems Model 

6500 monochromator system (Foss NIRSystems, Inc., Silver Spring, MD, USA) fitted with a 

sample transport module (STM) in reflectance mode (Figure 10). Data were collected in every 

2 nm using Vision 3.20 SP5 software (Foss NIRSystems, Inc., Silver Spring, MD, USA); a 

PbS detector was applied. 

 

Figure 10 The dispersive NIR spectrophotometer type of Foss NIRSystems 6500 with 

STM module 

 

Secondly, the starch samples were scanned from 1000 to 2498 nm using Perkin Elmer 

Spectrum 400 (Perkin Elmer, Inc., Waltham, MA, USA) fitted with a near infrared reflectance 

accessory (Figure 11). Data were collected with a resolution of 0.5 nm using Spectrum 6.3.2 

software (Perkin Elmer, Inc., Waltham, MA, USA); an InGaAs detector was used. 
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Figure 11 The FT-NIR spectrophotometer type of Perkin Elmer Spectrum 400 with 

NIRA module 

 

The spectra were stored as the average of 32 scans for each sample. Four spectra were 

recorded from one sample rotating the standard sample cup to 0°, 90°, 180° and 270° position 

in all cases. 

 

Processing and analysis of NIR spectra 

The raw spectra were treated using second derivation as detailed previously (2.2.2.2). The 

second derivation was previously optimized in this case as well. The optimal segment size of 

both spectrometers was 10 nm for keeping the signal-noise ratio along the spectra (data not 

shown). 

We analysed the most characteristic peak of water absorption (1900-1950 nm, the 

combination of O–H stretching and O–H deformation) and the most characteristic absorption 

bands for carbohydrates (Gergely & Salgó, 2005; Hódsági et al., 2010a), namely carbohydrate 

II (2080–2130 nm, the combination of O–H bending and C–O stretching) and carbohydrate III 

(2270–2290 nm, the combination of O–H stretching and C–C stretching) regions. 

2.4 The method of correlation between enzymatic and rheological 

results 

The results of the three-hour long (detailed in 3.2.1 and 3.2.2) and a previously published 

sixteen-hour long enzymatic digestion (published by Gelencsér et al., 2008a) as well as the 

results of an RVA method of these samples (published by Gelencsér et al., 2008a) were 

correlated with each other using Statistica 8.0 (StatSoft Inc, Tulsa, CA, USA, 2007) software. 

Pearson‘s correlation coefficients (r) were calculated between pairs of measured 

characteristics. A statistically significant relationship between two variables is indicated at the 

level of statistical significance of p < 0.05. 
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2.5 Mixolab test (a new rheological method in RS analysis) 

2.5.1 The investigated samples 

Firstly, the effects of the addition of RS2 (Hi-maize™260) were determined on the 

rheological properties of commercial bread flour-based (BL-55; ash content, 0.55%; moisture 

content, 9.9%; Gyermely Mills, Gyermely, Hungary) mixtures using the Mixolab system. The 

flour was replaced by 5%, 10%, 15%, 20%, and 25% (w/w) resistant starch. The lack of 

gluten caused by the RS addition was compensated by adding the proper amount of wheat 

gluten (G5004; Sigma Aldrich Co., St. Louis, MO, USA) into the bread dough (Table 3). 

 

Table 3 Notation and composition of the samples 

Bread flour-based samples 
T. durum pasta flour-based 

samples 

T. aestivum pasta flour-based 

samples 

Name Flour% RS% gluten% Name Flour% RS% Name Flour% RS% EP (%) 

B 

control 
100 0 0 

D 

control 
100 0 

A 

control 
97.9 0 2.1 

B 5% 

RS2 
94.35 5 0.65 

D 5% 

RS2 
95 5 

A 5% 

RS2 
92.9 5 2.1 

B 10% 

RS2 
88.70 10 1.30 

D 10% 

RS2 
90 10 

A 10% 

RS2 
87.9 10 2.1 

B 15% 

RS2 
83.05 15 1.95 

D 15% 

RS2 
85 15 

A 15% 

RS2 
82.9 15 2.1 

B 20% 

RS2 
77.40 20 2.60 

D 20% 

RS2 
80 20 

A 20% 

RS2 
77.9 20 2.1 

B 25% 

RS2 
71.75 25 3.25 

D 25% 

RS2 
75 25 

A 25% 

RS2 
72.9 25 2.1 

 

Similarly to the bread mixtures, the Triticum (T.) durum pasta flour (TD-50; ash content, 

0.50%; moisture content, 14.2%; Cerbona, Székesfehérvár, Hungary) and T. aestivum pasta 

flour (TL-80; ash content, 0.80%; moisture content, 14.6%; Cerbona Mills, Székesfehérvár, 

Hungary) were replaced by 5%, 10%, 15%, 20%, and 25% (w/w) resistant starch (Table 3). 

Additionally, the T. aestivum pasta flour-based samples contained whole egg powder (EP) 

additive (Cerbona, Székesfehérvár, Hungary) as specified in Codex Alimentarius Hungaricus 

(2006). 

2.5.2 The Mixolab method 

The Mixolab® system (Chopin, Tripette et Renaud, Paris, France; Mixolab software 2.34) 

measures in real time the torque (expressed in Nm) produced by passage of the dough 

between the two kneading arms which allows the study of mixing and pasting behavior of the 

wheat flour dough (Figure 12). 
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For the assays, the calculated amount of each sample was placed into the Mixolab bowl and 

mixed. The amount of added water was determined to produce a torque of 1.1 ± 0.07 Nm 

during the mixing of the dough. 

 

 

Figure 12 Typical curve obtained in the Mixolab showing C1, C2, C3, C4 and C5 

regarding maximum dough torque, protein weakening, starch gelatinisation, starch 

breakdown and starch retrogradation, respectively. (1) Dough development, (2) Protein 

weakening during heating, (3) Starch gelatinisation, (4) Amylase activity, (5) Starch 

gelling due to cooling. (Ozturk et al., 2008) 

 

The applied Chopin+ protocol can be seen in Table 4. Two different experiments can be 

performed using Mixolab apparatus. 

 

Table 4 The Chopin+ Mixolab protocol (Rosell et al., 2007) 

Chopin+ profile 

 Mixing speed 80 rpm 

Dough weight 75.0 g 

Tank temperature 30.0 °C 

Temperature 1st plateau 30.0 °C 

Duration 1st plateau 8.0 min 

Temperature 2nd plateau 90.0 °C 

Temperature gradient (15.0 min) 4.0 °C/min 

Duration 2nd plateau 7.0 min 

Temperature gradient (10.0 min) 4.0 °C/min 

Temperature 3rd plateau 50.0 °C 

Duration 3rd plateau 5.0 min 

Total time 45.0 min 

 

The first one consists of the dough mixing at constant mixing rate during a certain mixing 

time at 30 °C and gives similar information (mixing curve) like experiments carried out with a 
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farinograph. The second one, after a shorter (8 min) mixing step, involves a heating–cooling 

cycle and gives similar information (complete curve) on dough behavior like experiments 

carried out with RVA or amylograph. 

 

The characteristic parameters are (Huang et al., 2010; Rosell et al., 2007) the percentage of 

water (%) required for the dough to produce a torque of 1.1 ± 0.07 Nm; dough development 

time (min) or the time to reach the maximum torque at 30 °C; stability (min) or the elapsed 

time at which the torque produced is kept at 1.1 Nm; mechanical weakening (Nm) or the 

torque difference between the maximum torque at 30 °C (C1) and the torque at the end of the 

holding time at 30 °C; minimum torque (Nm, C2) or the minimum value of torque produced 

by dough passage while being subjected to mechanical and thermal constraints; thermal 

weakening (Nm) or the difference between the torque at the end of the holding time at 30 °C 

and the minimum torque; peak torque (Nm, C3) or the maximum torque produced during the 

heating stage; cooking stability (Nm), which is calculated as the ratio of the torque after the 

holding time at 90 °C (C4) and the maximum torque during the heating period (C3); and 

setback (Nm, C5-C4), which is defined as the difference between the torque produced after 

cooling at 50 °C (C5) and the torque after the heating period (C4). In addition, the slopes of 

ascending and descending torques and the angle between ascending and descending curves 

were calculated. Those angles were then used to determine , , , and , which correspond to 

the arc tangent of the four curve angles and defined as protein breakdown, starch 

gelatinisation, starch breakdown, and starch recrystallization rate, respectively. 

Each experiment was carried out by duplicates and the corresponding standard deviations 

were calculated (means ± SD). The Mixolab parameters were analysed statistically by T-tests 

for independent samples using Statistica 8.0 (StatSoft Inc, Tulsa, CA, USA, 2007) and 

Microsoft Excel 2007 (Microsoft Corporation, Redmond, WA, USA). Significance level was 

p < 0.05. 
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BREAD PRODUCTS 

2.6 The investigations of the effects of different baking parameters 

on bread rolls 

2.6.1 The production of bread rolls and the baking process 

The main ingredients of bread roll were commercial bread flour (BL-80, ash content 0.80%, 

Székesfehérvári Mills, Hungary), resistant starches (Hi-maize
TM

260 and Fibersym
TM

RW), 

yeast (Budafok baking yeast, Budapest, Hungary) and water. Resistant starch ingredients were 

incorporated into recipes by replacing wheat flour at 20% (w/w) level. The lack of gluten 

caused by the RS addition (in all RS enriched products) was compensated by adding the 

proper amount of wheat gluten (Sigma Aldrich, Budapest, Hungary) into the bread dough. 

According to the supplier the protein content of the bread flour was 12%. It can be calculated 

that due to the RS addition 2.4% gluten had to be inserted into the recipes. Control bread 

without resistant starch addition was also made. The bread dough was prepared as follows: the 

yeast (3.5%) was suspended in small amount of water, similarly, salt (2%) was dissolved in 

water as well. After that, the suspensions as well as the rest of the water necessary for the 

dough were added to the wheat flour or to the mixture of wheat flour, RS and gluten. 

All ingredients were mixed and formed into the shape of a bread roll. According to the 3^3 

experimental design where the factors were the added starch type, the weight of the bread roll, 

and the temperature of the baking, the bread roll products (control, 20% Hi-maize
TM

260 or 

20% Fibersym
TM

RW containing products) were prepared in three different weights (55 g,  

130 g, 205 g). The bread rolls were proofed at 37 °C for 50 min. The baking was carried out 

at three different temperatures (180 °C, 210 °C, 240 °C), the baking time was dependent on 

the temperature (55 min, 25 min, 15 min). All bread rolls were baked twice (in two blocks). 

After baking the products were cooled down to room temperature and the enzymatic 

digestibility was measured on the next day. 

2.6.2 The in vitro enzymatic digestion of bread rolls 

According to the 2.3.1.2, the enzymatic digestion was detected based on the method of 

Tudorică et al. (2002) with some modifications detailed here. 2.00 ± 0.10 g (concerning to dry 

material content) of bread rolls was weighted into the centrifuge tubes, then 40 ml phosphate 

buffer (0.05 M sodium potassium phosphate buffer, pH=6.9) as well as 5 ml porcine 

pancreatic alpha-amylase (160 U*mL
-1

, EC 3.2.1.1., Sigma Aldrich, Budapest, Hungary, 
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containing 3 U*mL
-1

 amyloglucosidase) were added to the samples. Before enzymatic 

digestion the bread samples (mainly crumb) were cut into small pieces (1 cm
3
) to be able to 

get mixed in the enzyme solution.  

The amount of liberated glucose (mgglucose/gsample) was measured. Each sample was evaluated 

in quadruplicates (in two blocks) and results were expressed as means ± SD (standard 

deviation). The results of enzymatic digestion were evaluated with the GraphPad Prism 

4.03.354 software (GraphPad Software, Inc., San Diego, USA, 2003) and Microsoft Excel 

2007 (Microsoft Corporation, Redmond, WA, USA). Factorial analysis of variance (ANOVA) 

followed by T-test for independent samples were performed using Statistica 8.0. (Statsoft Inc, 

Tulsa, CA, USA, 2007). The significance level was p < 0.05. 

2.7 The investigations of the effects of different baking and freezing 

technologies on bread rolls 

2.7.1 The production of bread rolls  

The main ingredients of bread rolls were commercial bread flour (BL-55, ash content 0.55%, 

Gyermely Mills, Hungary), resistant starch (Hi-maize
TM

260), yeast, salt and water. The lack 

of protein caused by the RS addition was compensated by adding the proper amount of wheat 

gluten into the bread dough. Bread roll products were prepared using different recipes (control 

product and products with 10 or 25% resistant starch as flour replacer). The bread dough was 

prepared as detailed above (chapter 2.6.1). The bread rolls (75 g) were proofed at 37 °C for 50 

min. 

2.7.2 The freezing and baking processes 

Different freezing and baking technologies were applied in our experiments. Bread rolls from 

frozen dough (fFB = frozen dough then full-baked) were made as follows: the raw dough 

(without proofing) was frozen until the core temperature reached -18 °C. Then, it was thawed 

(20 min at room temperature), proofed (75 g; at 37 °C, 50 min) and baked at 230 °C for 16 

min. The full-baking of samples (PBFB = pre-baked then full-baked) was carried out in two 

steps; firstly the bread rolls were pre-baked at 175 °C for 16 min; secondly they were full-

baked at 230 °C for 10 min. PBfFB (= pre-baked then frozen then full-baked) samples were 

prepared as follows: after pre-baking (175 °C, 16 min) the bread rolls were frozen until the 

core temperature reached -18 °C. Then, they were thawed (10 min at room temperature 

according to Rosell & Santos, 2010) and full-baked at 230 °C for 10 min. The PBfFBf (= pre-
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baked then frozen then full-baked then frozen) tsamples were prepared as PBfFB samples; 

however, in addition the PBfFB samples were frozen for 17 hours and then they were thawed. 

We supposed on the basis of our preliminary results that the freezing time in a one-day period 

do not affect the digestibility significantly. 

2.7.3 The in vitro enzymatic digestion of bread rolls 

The procedure described in 2.3.1.2 was used with some modification. 2.00 ± 0.10 g of the 

bread products (concerning to dry matter content) were weighted into the centrifuge tubes. 

The baked bread samples (mainly crumb) were cut into small pieces (1 cm
3
) to be able to get 

mixed in the enzyme solution. Then 35 ml buffer (0.05 M sodium potassium phosphate 

buffer, pH=6.9) and 10 ml porcine pancreatic alpha-amylase (110 U*mL
-1

, EC 3.2.1.1., 

Sigma Aldrich, Budapest, Hungary, containing 3 U*mL
-1

 amyloglucosidase) were given to 

the baked bread rolls. 

The amount of liberated glucose (mgglucose/gsample) was measured. Each sample was evaluated 

in duplicates and results were expressed as means ± SD (standard deviation). The kinetic 

curves were evaluated using the GraphPad Prism 4 for Windows software (GraphPad 

Software, Inc, San Diego, USA, 2003) and Microsoft Excel 2007 (Microsoft Corporation, 

Redmond, WA, USA). The data were analysed statistically by T-tests using Statistica 8.0 

(StatSoft Inc, Tulsa, CA, USA, 2007). The significance level was p < 0.05. 

2.7.4 The determination of physical properties and sensory evaluation of 

bread rolls 

After cooling down to room temperature the weight of the products was measured using a 

simple scale while the volume of bread rolls was determined by seed displacement method 

(Hungarian standard, 20501/3-1982). The volume was determined as the difference of the 

volume of mustard seed required to fill a given container that held the bread roll and the 

volume of mustard seed required to fill the empty container. 

Sensory evaluation of bread rolls was carried out according to the Hungarian standard 

(20501/2-82, 1982) with some modifications. 15 independent tasters were asked to evaluate 

the crust, crumb, smell and taste on a 5-point scale. In our case the shape was not included 

into the tests; because the bread rolls were divided into equal pieces for the tests, therefore 5 

point was added in all cases. The crumb has to be typical for the product, uniformly smooth, 

not sticky and dense and should not contain any strange materials or smell. The crust has to be 

typical for the product, uniformly smooth, glossy and the colour might be from golden yellow 
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to mild brown. The smell should be typical for bread without any inconvenient effects 

(sourish, rancid or strange smell). The taste should also be typical for bread without any 

inconvenient effects (sourish, rancid or off-flavour taste). The products can be ranged based 

on the weighted total score (0.6×score of shape + 0.6×score of crust + 1.4×score of crumb + 

0.4×score of smell + 1.0×score of taste) into five categories (Table 5). 

 

Table 5 Bread quality categories according to the weighted total score 
17.6-20.0 excellent 

15.2-17.5 good 

13.2-15.1 moderate 

11.2-13.1 accepted 

under 11.2 not acceptable 
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3 RESULTS and DISCUSSION 

3.1 The investigations of resistant and native starches using NIRS 

As it was shown in the literature overview, there are different methods which are commonly 

used in RS analysis. Next to the digestibility methods, the investigations of the rheological, 

thermal (Gelencsér et al., 2008a) and physichochemical properties can be highly informative 

for the food industry. The physicochemical and chemical characteristics of starches can be 

analysed using near infrared spectroscopy as well (Gergely & Salgó, 2005; Law & Tkachuk, 

1977; Osborne & Fearn, 1986). However, the spectra of resistant starches have not been 

analysed yet. Therefore, we aimed to investigate whether resistant starches could be 

sensitively detected by NIR spectroscopy in native starch (M, W) mixtures qualitatively. 

Using these wheat- or maize-based model systems, it was aimed to determine the effects of 

RS addition and of the matrices on the whole NIR spectra and the characteristic starch 

vibration regions of samples. It was also investigated whether NIR spectra has any 

information concerning the cause of resistance. 

3.1.1 The analysis of the carbohydrate I region 

The carbohydrate I region (1575–1590 nm, the band of the first overtone of O–H stretching) 

is characteristic for starch due to the O–H stretching vibrations indicating the quantity and 

strength of the intermolecular hydrogen bonds (Osborne & Fearn, 1986). 

Figure 13 shows the carbohydrate I region of the different mixtures. Comparing the native and 

resistant starches, respectively, it can be stated that they differ significantly from each other, 

in the order of F, M, H and W starches. The F starch has the highest intensity value of the 

negative peak (-0.0209) while W starch has the lowest one (-0.0228) compared to the other 

samples. It means that RS4 (F starch) has the lowest concentration of intermolecular hydrogen 

bonds, possibly following from its structure due to the presence of the phospho-diester bounds 

(Sajilata et al., 2006; Sang & Seib, 2006). Namely, the ester bonds produced by cross-linking 

reactions reduce the mobility of amorphous chains in starch granules as a result of the 

intermolecular bridges (Chung et al., 2004). 

The wheat (W) starch has more intermolecular O–H groups than maize (M) starch (-0.0221) 

probably according to the ratio and structural differences of their amylose and amylopectin 

molecules (Jane, 2009, Shelton & Lee, 2000; Tester et al., 2004). The mean degree of 

polymerization of amylose molecules is much higher in W starch than in M starch (Jane, 
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2009; Shelton & Lee., 2000; Tester et al., 2004) and the amylose molecules have the potential 

to aggregate (Tester et el., 2004) with hydrogen bonds. 
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Figure 13 The carbohydrate I region of the native and resistant starch mixtures 

(a) MH series, (b) WH series, (c) MF series, (d) WF series. 
             = 100% native starch (maize or wheat starch),             = 20% RS and 80% native starch,                

= 40% RS and 60% native starch,            = 60% RS and 40% native starch,           =  80% RS and 20% 

native starch,               = 100 % resistant starch (Hi-maize™260 or Fibersym™70). 

 

Moreover, the quantity and strength of these intermolecular hydrogen bonds in the two 

resistant starches are also different, the high amylose RS2 (H starch; -0.0225; Figure 13) 

contains more of these bonds, probably because high amylose starches form double helices 

and the amylose molecules can aggregate as it was observed in a previous study (Tester et al., 

2004). 

However, the stoichiometric addition of resistant starches did not cause any significant 

tendencies in this region of MH (Figure 13a), WH series (Figure 13b) and MF series (Figure 
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13c). In case of F starch, the medium is determining because in WF series (Figure 13d) the 

effects of RS4 addition can be observed in great extent. 

3.1.2 The analysis of the carbohydrate II region 

The carbohydrate II region (2080–2130 nm, the band of the combination of O–H bending and 

C–O stretching) represents a notably variable band, as it is illustrated in Figure 14. 
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Figure 14 The carbohydrate II region of the native and resistant starch mixtures 

(a) MH series, (b) WH series, (c) MF series, (d) WF series. 
             = 100% native starch (maize or wheat starch),             = 20% RS and 80% native starch,                

= 40% RS and 60% native starch,            = 60% RS and 40% native starch,           =  80% RS and 20% 

native starch,               = 100 % resistant starch (Hi-maize™260 or Fibersym™70). 

 

When investigating the spectra of native and resistant starches, it could be observed that the H 

starch (high amylose RS2) has only one peak in this region (Figure 14a and 14b) while the M 

(Figure 14a and 14c) and the W (Figure 14b and 14d) starches as well as F starch (Figure 14c 
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and 14d) have two peaks between 2080–2130 nm. These results are in agreement with the 

observation of Gergely & Salgó (2005) who stated that the first peak (around 2096 nm) is 

determining in the presence of amylose while the second peak (around 2120 nm) belongs to 

amylopectin. 

The decreasing amylopectin concentration of the samples can be followed up in the spectra of 

the MH (Figure 14a) and WH series (Figure 14b) around 2120 nm. The shape of the spectra 

(one or two peaks) changes with the amount of high amylose maize (H) starch. If less than 

50% amylopectin is in the mixtures (60%, 40%, 20% or 0% of native starch containing 

samples) any local intensity minimums cannot be detected for the amylopectin around 2120 

nm. 

Additionally, in MH series (Figure 14a), the effects of the addition of H starch can be clearly 

noticed by investigating the changes of the wavelength minimums in their position (shift) and 

in their intensity values around the peak of amylose (around 2096 nm). Similarly to MH 

series, a shift in the wavelength minimum at amylose peak can be observed by comparing W 

and H starches in WH samples (Figure 14b). The effects of the addition of the characteristic H 

starch can be better followed up in maize-based mixtures (Figure 14a) than in wheat-based 

ones (Figure 14b) indicating that the medium is also a determining factor in this wavelength 

region. The differences between M (Figure 14a) and W (Figure 14b) starches can derive from 

differences in their amylose and amylopectin molecules; from the different degree of 

polymerization of amylose molecules (Jane, 2009; Shelton & Lee, 2000; Tester et al., 2004) 

and of amylopectin molecules (Jane, 2009; Tester et al., 2004). The degree of polymerization 

of amylopectin molecules is higher in M (Tester et al., 2004) than in W starch (Jane, 2009) 

indicating the more characteristic amylopectin peak of maize. 

In case of MF mixtures (Figure 14c), M (-0.0428) and F starches (-0.0408) differ significantly 

from each other based on the intensity differences at 2120 nm (amylopectin peak). The 

addition of F starch caused a linear increase in the intensity values at this peak. In case of WF 

series (Figure 14d), the values of the amylose peak minimums of the samples around 2096 nm 

differ significantly from each other by increasing the RS concentration except the WF60  

(-0.0474) from WF80 (-0.476). Moreover, a linear increase can be detected in the intensity 

values with the addition of F starch. F starch is less characteristic in this region; however; it 

can be observed (Figure 14c and 14d) that it has less intense amylopectin peak than M and W 

starches have probably due to the reduced mobility of amorphous chains of phospho-ester-

bounded starch (Chung et al., 2004). Otherwise, the medium is an influencing factor in case of 

F starch containing samples. 
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3.1.3 The analysis of the carbohydrate III region 

In the carbohydrate III region (2275–2290 nm, the combination of O–H stretching and C–C 

stretching) the local minimum of H starch shows a characteristic wavelength shift comparing 

to F starch and native starches (Figure 15). 
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Figure 15 The carbohydrate III region of the native and resistant starch mixtures 

(a) MH series, (b) WH series, (c) MF series, (d) WF series. 
             = 100% native starch (maize or wheat starch),             = 20% RS and 80% native starch,                

= 40% RS and 60% native starch,            = 60% RS and 40% native starch,           =  80% RS and 20% 

native starch,               = 100 % resistant starch (Hi-maize™260 or Fibersym™70). 

 

This shift caused a change in the spectra of mixtures (Figure 15a and 15b) according to the 

increasing concentration of H starch; therefore, the addition of H starch can be well followed 

up. This characteristic shift of H starch is independent on the medium and is similar to at 2096 
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nm (amylose peak) observed phenomenon. It means that the effect of the different amylose-

amylopectin ratio is characteristic in this region. 

The minimum intensity values of the peak change linearly and significantly with the 

composition in case of MH (Figure 15a), WH (Figure 15b) and MF mixtures (Figure 15c); 

however, in MF mixtures the position of the minimum remained the same. In MF mixtures, 

only dilution effect can be determined by adding RS4 (F starch) owing to lower minimum 

value of native M (-0.2229) than resistant F starch (-0.2066). 

It is interesting that the WF (Figure 15d) samples do not show great variability, the 

phosphorylated structure of F starch (Seib & Woo, 1997; Woo et al., 2008) does not differ 

notably from the W starch in these bonds which can be induced probably by the same 

botanical origin. 

3.1.4 The analysis of the carbohydrate IV region 

The carbohydrate IV region (2310–2335 nm) is characteristic for starch due to the 

combinations of C–H bending and C–H stretching (Osborne & Fearn, 1986) which are the 

vibrations of the molecular architecture. This region is depicted in Figure 16. 

In MH (Figure 16a) and WH (Figure 16b) series the H starch is significantly different from 

the native starches. The H starch (-0.0763) has the highest intensity value indicating the 

lowest C–H vibrations probably due to its high amylose content. Additionally, the 

stoichiometric effects of H starch addition can be well followed up investigating the intensity 

values. These results are in harmony with Fertig et al. (2004) who presented that this region is 

sensitive for the changes of amylose content. 

In case of MF (Figure 16c) and WF (Figure 16d) series, the addition of F starch cannot be 

detected; however, F starch (-0.0883) differs significantly from the native starches (M:-

0.0933; W:-0.0924) based on the minimum values of the peaks. Moreover, the native starches 

are significantly different from each other. However, these differences are not characteristic 

as it can be seen in Figure 16c and 16d probably due to the similar architecture vibrations. 

Namely, this region is sensitive for the vibrations of the molecular architecture (Osborne & 

Fearn, 1986). 

Additionally, this region relies on weaker spectral signals due to the lower energy than it was 

in the previously investigated regions. The reduced mobility of F starch caused by the 

phospho-diester bounds does not seem to influence the architecture vibrations appreciably 

related to native starches. It is interesting that H starch is very characteristic in this region 

despite of the lower energy. 
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Figure 16 The carbohydrate IV region of the native and resistant starch mixtures 

(a) MH series, (b) WH series, (c) MF series, (d) WF series. 
             = 100% native starch (maize or wheat starch),             = 20% RS and 80% native starch,                

= 40% RS and 60% native starch,            = 60% RS and 40% native starch,           =  80% RS and 20% 

native starch,               = 100 % resistant starch (Hi-maize™260 or Fibersym™70). 

 

After peak assignments the whole spectra were analysed using multi-component  

data-reduction method (principal component analysis) to further investigate the chemical 

differences of the samples. 

 

3.1.5 The multivariate data analysis (PCA) of NIR spectra 

Figure 17 illustrates the principal component analysis (PCA) results of the mathematically 

treated (SNV + second derivation) parallel NIR spectra using the whole wavelength range 

(1100–2498 nm). 
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Figure 17 Plots of scores on PC2 vs. PC1 of the treated NIR spectra of native and 

resistant starch mixtures 

(a) MH series, (b) WH series, (c) MF series, (d) WF series. 
□ = 100% native starch, ○ = 20% RS and 80% native starch, Δ = 40% RS and 60% native starch, ▲ = 60% RS 

and 40% native starch, ● = 80% RS and 20% native starch, ■ = 100 % resistant starch 

 

The effects of the stoichiometric addition of H starch can be well observed along the PC1 

component (Figure 17a and 17b) as it was expected based on the analysed absorption regions 

of the spectra. The PC1 component describes nearly the 95% of the total variance in both 

cases; the differences between the samples can be induced by the different physicochemical 

structure, mainly by the different amylose-amylopectin ratio (Jane, 2009). The effects of 

different amylose-amylopectin ratio on PCA values can be confirmed by analysing the 

loading spectra of PC1 (Figure 18). 

In MH and WH series (Figure 18a), one of the most intensive peak is around 2278 nm which 

is in the region of the combination of O–H stretching and C–C stretching (carbohydrate III 
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region). In this region the increasing amylose concentration caused a wavelength shift in the 

minimum values of the spectra (see in Figure 15). 
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Figure 18 Loading spectra of PC1 components of MH, WH, MF and WF series 

The most intensive peaks are signed which are the following in MH ( ) and WH ( ) series (a): * 1930 

nm, † 2278 nm, ‡ 2294 nm while in MF ( ) and WF ( ) series (b): * 1406 nm, † 1906 nm, ‡ 2282 nm. 

  

Investigating the F containing samples (Figure 17c and 17d), it can be observed that the 

distinction of F starch is dependent on the medium; however, the F starch differs significantly 

from the native starches. In case of MF series (Figure 17c), the great part of the total variance 

is described by the PC2 component (23%) next to the PC1 one (68%). The samples can be 

differentiated based on PC2; however, this distinction is not following the tendencies of RS 

addition. The more proportional distribution of the total variance in PC values can derive from 

structural causes (Chung et al., 2004) and from the different botanical origin (Jane, 2009). The 

characteristic; however, less intense loading spectrum of PC1 than in case of the H containing 

series is remarkable around 2282 nm (Figure 18b). The loading spectrum of PC2 was also 

characteristic at 2284 nm, additionally at 1412 and 1434 nm as well (data not shown). Around 

these wavelengths the botanical origin could have affected significant differences in the 

spectra of MF series (see Figure 15). The absorption bands around 1412 and 1434 nm are 

characteristic for the first overtone of O–H stretching which vibrations can be frequently 

found in glucose units. 

The WF samples cannot be differentiated in the function of RS addition. PC1 describes the 

90% of the total variance probably induced by structural differences (Chung et al., 2004). It 

can be stated that the phosphorlyation produced ester bonds did not absorb intensively in the 

NIR region as it was observed by Thygesen et al. (2001) in case of potato samples. They 

†  

 
* 

‡  

 

* 

‡ 

† 

 



 59 

showed a NIR-based prediction of phosphate content of potato starch; however, this model 

relied on weak spectral signals. The loading spectrum of PC1 of WF series is not 

characteristic in the investigated carbohydrate regions (Figure 18). 

 

The PCA analysis of the spectra summarizes and confirms the findings that were observed 

investigating the four characteristic carbohydrate regions. The PCA figures of the samples can 

show the chemical differences of the samples as well as the effects of the addition of H starch 

can be well followed up in the figures of the MH and WH series. 

Finally, the Figure 19a shows the PCA results of the mathematically treated parallel NIR 

spectra of all samples using the whole wavelength range. 
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Figure 19 (a) Plots of scores on PC2 vs. PC1 of the treated NIR spectra of all samples 

including MH, WH, MF and WF series; (b) and (c) Loading spectra of PC1 and PC2 

components of all samples 
The most intensive peaks are signed which are the following: (b) * 1928 nm, † 2278 nm, ‡ 2294 nm; (c) * 

1406 nm, † 1434 nm, ‡ 2268 nm, ** 2296 nm. 
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It illustrates the inter- and intra-series variability of the samples. The intra-series variability of 

H containing series shows similar results as it was observed in Figure 17a and 17b; however, 

the intra-series variability of MF and WF samples was not so remarkable compared to the 

Figure 17c and 17d as well as to the MH and WH series. However, it can be stated that each 

native and resistant starch can be distinguished from each other. Additionally, the RS2 

addition can be observed along the PC1 components in both mixtures as it was proved in 

Figure 15a and 15b. Each sample in the WH series can be distinguished from each other along 

the PC2 component as well. 

Figure 19b and Figure 19c demonstrate the loading spectra of PC1 of all samples. They show 

which wavelength values are the most characteristic. PC1 component describes the great part 

of the total variance (80.6%); however, PC2 is also remarkable (10.0%). In accordance with 

the earlier observed facts (Figure 18a), one of the most intensive peaks is around 2278 nm 

where the differences of amylose-amylopectin region can be well followed up. In case of the 

loading spectrum of PC2 (Figure 19c), the first overtone of O–H stretching vibrations (at 

1406 and 1434 nm; commonly found in glucose units) are the most intensive. 

 

Concluding the results, it can be stated that the characteristic absorption bands were sensitive 

in different extent. The carbohydrate I region, which describes the quantity and strength of 

intermolecular changes, can significantly differentiate each starch in the order of F, M, H and 

W starches; however, the effects of RS addition cannot be observed. 

According to our results, it was proved that the changes of the amylose-amylopectin ratio can 

be sensitively followed up in carbohydrate II region. The RS4 sample that contains phospho-

ester bounds is not so characteristic probably due to the reduced mobility of amorphous 

chains; however, the RS4 addition can be detected.  

It was also shown that the carbohydrate III region is sensitive for the differences of amylose-

amylopectin ratio as well. The addition of wheat-based RS4 can be well observed only in 

maize-based mixtures due to the different botanical origin.  

The vibrations of the molecular architecture (carbohydrate IV) differ in case of RS2 

containing samples; though, the RS4 do not show characteristic difference from wheat or 

maize starches because of its weaker spectral signals. 

The global PCA which was carried out based on all samples presents that the RS2 addition 

can be sensitively followed up independently from the medium. The RS4 containing mixtures 

do not show high variability; thus RS4 addition cannot be detected. The loading spectra of 

PC1 attributes great significance to the carbohydrate III region. 
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In summary, it can be stated that both resistant starches were characteristic; the Hi-

maize™260 resistant starch due to its high amylose concentration while Fibersym™70 due to 

its phosphorylated structure; however, this property relied on weaker spectral signals. The 

differences of amylose-amylopectin ratio can be observed in the region of 2275–2290 nm the 

most sensitively. 

3.2 The effects of heat treatments on resistant and native starches 

Firstly, the in vitro digestibility of resistant starches compared to native starches was 

examined before and after moisture heat treatment using a three-hour long mono-enzymatic 

method. It was tested whether uncooked or cooked resistant starches are unavailable to 

amylolytic attack in the three-hour period. In food applications, native and resistant starches 

can be applied in different ratios; therefore, it is important to determine whether enzymatic 

digestibility changes linearly in stoichiometric mixtures or there is any synergistic effect in 

mixtures. In summary, our goal was to provide notable information for product development 

based on model systems. 

Secondly, the effects of microwave treatments on RSs were analysed because there is an 

increasing trend to use microwave energy in food processing and the knowledge about the 

effects of these treatments on RSs is limited. The microwave treatments were performed 

according to a 2^2 experimental design where the power and the time of microwave oven 

were selected as usually applied in household for heating. Additionally, our research may 

have great importance because the microwave energy can be used for the modification of 

starches, for the alteration of the functional (Lares & Perez, 2006) and digestibility properties 

(Anderson & Guraya, 2006). 

 

The concentrations of the liberated glucose were represented in the function of the time of 

digestion, and first-order kinetic curves were fitted to the measured points according to Goñi 

et al. (1997). The nonlinear equation used for the evaluations was the following  

Y= Ymax (1-e 
– kt

)      (1)   

where Y (mgglucose/gstarch) is the concentration at t time (min), Ymax (mgglucose/gstarch) is the 

equilibrium concentration, k (1/min) is the rate constant and t is the sampling time. A 

comprehensive parameter for the digestibility was also calculated as the total area under curve 

(AUC, (mgglucose/gstarch)*min) relating to glucose release over the whole test period (180 min; 

Gelencsér, 2009). The sampling points of the measurement (Y30, Y60, Y90, Y120, Y180) can be 

also good indices to compare the results. The last measurement point (Y180) was used as the 
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indicator of the final glucose concentration because Ymax was not a representative parameter 

(Hódsági et al., 2010b). 

3.2.1 Results of the in vitro digestion of untreated resistant and native 

starches 

The enzymatic digestibility curves of the different untreated samples can be seen in Figure 20, 

the values of the calculated kinetic parameters are listed in Table 5. 
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Figure 20 The digestibility curves of the untreated native and resistant starch mixtures 

(a) MH series, (b) WH series, (c) MF series, (d) WF series. 
□ = 100% native starch, ○ = 20% RS and 80% native starch, Δ = 40% RS and 60% native starch, ▲ = 

60% RS and 40% native starch, ● = 80% RS and 20% native starch, ■ = 100 % resistant starch 

 

The degradability of the M and H starches and their mixtures are similar, as it is shown in 

Table 6a. Figure 20a also confirms the similar enzymatic accessibility to the starches; it can 
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be seen that the digestibility curves of the MH series run particularly close to each other. The 

results of the similar digestibility of maize starch to H starch can be consistent with Zhang et 

al. (2006), who stated that the normal M starch has a great part of slowly digestible starch and 

about 22% RS content, while H starch has 40% easily digestible part according to the AOAC 

method 991.43. Additionally, Seal et al. (2003) stated that normal maize starch caused lower 

glycemic responses in health subjects. Moreover, native maize starch granules are considered 

to be resistant to amylase hydrolysis (Tester et al., 2006). 

 

Table 6 Typical kinetic parameters of the untreated native and resistant starch mixtures 
(a) MH series – untreated samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

M (native) 2275.4±94.8abc 19.16±0.16a 0.0126±0.0020ab 

MH20 2203.2±18.4b 19.27±0.23a 0.0109±0.0008a 

MH40 2236.1±16.0c 19.90±0.03b 0.0102±0.0005a 

MH60 2254.2±15.1cd 19.83±0.22bc 0.0110±0.0006a 

MH80 2297.6±38.1ade 20.21±0.22c 0.0107±0.0004a 

H (RS2) 2310.3±17.5ae 18.90±0.05d 0.0143±0.0008b 

(b) WH series – untreated samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

W (native) 2510.9±93.1a 19.97±0.21a 0.0173±0.0021a 

WH20 2430.0±30.6a 21.70±0.07b 0.0107±0.0009b 

WH40 2428.7±30.1a 21.42±0.15c 0.0111±0.0006b 

WH60 2427.7±20.7a 21.41±0.14c 0.0117±0.0004bc 

WH80 2392.4±15.2a 20.72±0.12d 0.0122±0.0004c 

H (RS2) 2310.3±17.5b 18.90±0.05e 0.0143±0.0008d 

(c) MF series – untreated samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

M (native) 2275.4±94.8ac 19.16±0.16a 0.0126±0.0020a 

MF20 2196.6±32.4ab 20.29±0.07b 0.0083±0.0009b 

MF40 2268.8±6.5c 20.27±0.18bc 0.0095±0.0007ab 

MF60 2220.0±19.6ab 20.15±0.22bc 0.0087±0.0005b 

MF80 2005.5±49.0d 20.07±0.14c 0.0044±0.0011c 

F (RS4) 1717.5±40.4e 17.16±0.05d 0.0043±0.0009c 

(d) WF series – untreated samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

W (native) 2510.9±93.1ab 19.97±0.21a 0.0173±0.0021a 

WF20 2551.0±29.8b 21.34±0.06b 0.0147±0.0010ab 

WF40 2486.4±22.3a 20.94±0.16c 0.0134±0.0008bc 

WF60 2443.2±32.2a 21.05±0.26bc 0.0122±0.0008c 

WF80 2296.5±17.1c 19.73±0.16a 0.0102±0.0005d 

F (RS4) 1717.5±40.4d 17.16±0.05d 0.0043±0.0009e 

Values represent means of triplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 

 

Investigating wheat starch (W), maize-based RS2 (H), and their mixtures (Table 6b); no 

significant tendencies can be found in the digestibility parameters by increasing the amount of 

RS2 in the samples. Additionally, Figure 20b shows that the characteristics of the curves are 
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similar; however, the curve of the H starch is running lower than the others. Wheat starch has 

lower amount of RS and higher amount of rapidly digestible starch than maize starch 

according to the investigations of Zhang et al. (2006). Moreover, Lehman & Robin (2007) 

reported wheat starch as a high digestible one. 

In the case of M starch and wheat-based F starch and their mixtures (Figure 20c), a linear 

decline (R-square=0.91) is measured at the first sampling point (Y30) by increasing the amount 

of F starch. The characteristics of the curves of MF80 and F samples (Table 6c) are different 

from that of the other curves and they are running lower. 

Taking the results of the W starch, wheat-based F starch and their mixtures (Figure 20d) into 

account, it can be stated that the RS4 addition results in a linear decrease (R-square=0.91) in 

the rate constant, while WF80 and F starches differ significantly from the others as it is shown 

in Table 6d and Figure 20d. 

In summary, the effects of phosphorylated cross-linked F starch addition on digestibility can 

be in agreement with the assumption of Tester et al. (2006) who stated that the enzyme could 

not access the phosphorylated starch granule easily. This phenomenon can contribute to the 

lower digestibility. 

Comparing the digestibility parameters of the resistant starches, it can be stated that the F 

starch (RS4) is significantly more resistant to alpha-amylase than the H starch (RS2) 

according to Mun & Shin (2006) who stated that RS4 is the most resistant starch due to its 

cross-linked structure. 

Contrary to the linear decrease in MF and WF mixtures, in the previous results of Gelencsér et 

al. (2008a), a strong linearity was shown between multi-enzymatic digestibility and the 

amount of resistant starches in all mixtures (MH, WH, MF, and WF). It has to be noted 

however that the enzymatic method applied in this work was selected to reveal and compare 

alpha-amylase hydrolysis of these starches before and after heat treatment. 

 

Specifically, the starch containing raw materials are commonly processed in the food 

industry; therefore, the investigation of the effects of cooking as a typical processing step is 

remarkably important. Additionally, it is important to determine whether there are any 

synergistic effects in mixtures and how enzymatic digestibility changes after processing. 
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3.2.2 Results of the in vitro digestion of cooked resistant and native 

starches 

The enzymatic digestibility curves of the different cooked samples can be seen in Figure 21; 

the values of the calculated kinetic parameters are listed in Table 7. 
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Figure 21 The digestibility curves of the cooked native and resistant starch mixtures 

(a) MH series, (b) WH series, (c) MF series, (d) WF series. 

□ = 100% native starch (maize or wheat starch), ○ = 20% RS and 80% native starch, Δ = 40% RS and 

60% native starch, ▲ = 60% RS and 40% native starch, ● = 80% RS and 20% native starch, ■ = 100 % 

resistant starch (Hi-maize™260 or Fibersym™70). 

 

Figure 21a and Table 7a describe that the kinetic curves are running lower by increasing RS 

content in the cooked mixtures of the M and maize-based H starch. Moreover, the curves 

themselves show differences in shape, which is particularly significant between the M and H 

starches probably due to their different enzymatic digestibility (caused by different amylose-



 66 

amylopectin ratio) in accordance with the results of Chung et al. (2009) and Htoon et al. 

(2009). Chung et al. (2009) showed higher enzymatic degradability in maize starches; 

however, Htoon et al. (2009) presented a certain enzyme-resistance level in high amylose 

starches even after heat treatment. Linear relationship was detected between the RS percent of 

the samples and the following parameters: the sampling points of Y30, Y60, and the rate 

constant; moreover, the total area under the curve. The results confirm a strong linearity in the 

function of RS percent, R-square values were above 0.90 in all cases. Additionally, this 

phenomenon confirms that no synergistic effects were determined in the processed mixtures. 

 

Table 7 Typical kinetic parameters of the cooked native and resistant starch mixtures 
(a) MH series – cooked samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

M (native) 2817.0±9.3a 21.32±0.23ab 0.0311±0.0010a 

MH20 2892.0±13.4b 22.14±0.19b 0.0264±0.0003b 

MH40 2753.7±34.3a 21.38±0.27b 0.0232±0.0013c 

MH60 2531.0±43.7c 20.56±0.29ac 0.0175±0.0005d 

MH80 2399.3±15.3c 19.92±0.59ac 0.0158±0.0002d 

H (RS2) 2239.3±14.2d 19.32±0.42c 0.0115±0.0003e 

(b) WH series – cooked samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

W (native) 2935.0±35.0a 21.69±0.33ab 0.0281±0.0012a 

WH20 2905.0±46.0ab 21.69±0.17b 0.0271±0.0027ab 

WH40 2745.3±37.8b 21.63±0.31bc 0.0203±0.0008bc 

WH60 2599.3±15.8c 20.96±0.20c 0.0171±0.0009cd 

WH80 2515.3±23.5c 20.98±0.20ac 0.0154±0.0005d 

H (RS2) 2239.3±14.2d 19.32±0.42d 0.0115±0.0003e 

(c) MF series – cooked samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

M (native) 2817.0±9.3a 21.32±0.23a 0.0311±0.0010a 

MF20 2863.3±23.5b 21.82±0.49ab 0.0212±0.0012b 

MF40 2872.7±14.1b 22.51±0.41acd 0.0204±0.0005b 

MF60 2927.0±9.6bc 22.33±0.25bc 0.0214±0.0008b 

MF80 2927.0±11.1bc 23.26±0.39de 0.0172±0.0004c 

F (RS4) 2948.0±9.0c 24.09±0.10e 0.0153±0.0005c 

(d) WF series – cooked samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

W (native) 2935.0±35.0ab 21.69±0.33ab 0.0281±0.0012a 

WF20 2921.7±34.3ab 21.47±0.21a 0.0256±0.0020ab 

WF40 2879.7±30.6ab 22.42±0.37bc 0.0210±0.0005b 

WF60 2801.7±26.1a 22.05±0.42ac 0.0189±0.0002c 

WF80 2848.7±70.1ab 21.79±0.72ac 0.0209±0.0011bc 

F (RS4) 2948.0±9.0b 24.09±0.10d 0.0153±0.0005d 

Values represent means of triplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 

 

Similarly to the results of the MH series, it can be well observed in WH mixtures as well 

(Figure 21b) that the curves are running lower with the higher RS content. Moreover, the 
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curves themselves differ in shape, particularly the W and H starches possibly due their 

different enzymatic susceptibility stated by Roder et al. (2009) and Htoon et al. (2009). Roder 

et al. (2009) showed higher digestibility of wheat starches after heat treatment. Table 7b also 

confirms these observations. Linear relationships were detected between RS content and some 

digestibility parameters of the WH series. The linearity is stronger than in case of MH series, 

namely R-square values were above 0.95. Additionally, next to the above mentioned 

digestibility parameters (Y30, Y60, k, AUC), Y120 is also significantly dependent on the RS 

content of the samples. Based on our results, it can be stated that no synergistic effects can be 

observed in cooked WH mixtures. 

The H starch was significantly less digestible (AUC, k) compared to the untreated H starch 

(Table 6a and Table 7a) probably due to RS3 formation during heat treatment. Shamai et al. 

(2004) proved that RS3 can be formed by the heat treatment of high amylose starch. The 

results confirmed that the addition of H starch can be appropriate for the industrial application 

considering that H starch has prevented its physiological effects. The linearity provides novel 

information for its use in food applications. 

According to the observations of Tester et al. (2004), the maize and wheat starches became 

significantly more digestible by alpha-amylase after heat treatment due to the lost of semi-

crystalline nature of starch (Table 6a, 6b and Table 7a, 7b). Comparing the digestibility of the 

cooked W and M starches (Table 7a and 7b), it can be stated that W starch was significantly 

more digestible possibly due to their different origin, structure, type of starch crystallites and 

their behaviors during gelatinisation (Slaughter et al., 2001; Tester et al., 2004).  

In the cooked MF mixtures (Figure 21c and Table 7c), the values of the total area under the 

curves show that the M starch is significantly less digestible compared to the other samples. 

Additionally, linear increase in digestibility (AUC) was observed (R-square=0.93) in the 

function of RS addition thus no synergistic effects were detected between M and F starches. 

Investigating the WF mixtures (Figure 21d, Table 7d) it can be stated that the AUC values did 

not show significant differences. The results confirm that the cooking influenced the W and 

wheat-based RS (F) similarly probably due to the same botanic origin, accordingly no 

synergistic effects can be determined. 

The results of F starch may be caused by the damage of cross-linking in phospho-ester-

bounded starches which can contribute to significantly higher digestibility (k, AUC) compared 

to its raw form (Table 6d, Table 7d). These results are in accordance with the investigations of 

Chung et al. (2008) who investigated phospho-ester-bounded maize starch, which was not less 

digestible after heat treatment compared to the heat-treated unmodified starch. However, the 
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heat sensitivity of cross-linked starch is dependent on the type of heat treatment and origin of 

starch as well as the degree of cross-linking (Chung et al., 2008; Woo & Seib, 2002). 

 

Concluding the results, it can be stated that the cooking step affected higher degradability in 

wheat, maize and RS4 starches. Fibersym™70 (RS4) lost the majority of its enzymatic 

insusceptibility against alpha-amylase while Hi-maize™260 (RS2) possibly changed to RS3 

and became more resistant in our tests. Moreover, the addition of RS2 caused a linear 

decrease in the total area under the curve as well as in the rate constant of the digestion. These 

results seem to be promising and important facts for the application of RS2 in food industry 

because after moisture heat treatment k, which represents the velocity of glucose release and 

AUC, which means totally liberated glucose during a three-hour period, are lower compared 

to the native starches and can be predicted in the function of Hi-maize™260 starch addition. 

Additionally, it can be stated that no synergistic effects were determined in these model 

systems, which is also notable information for product development. 

3.2.3 The effects of microwave (MW) treatments on resistant and native 

starches 

The effects of the microwave treatments on RSs were followed up using enzymatic, 

rheological and NIR spectroscopic methods. Additionally, two different near infrared 

spectrophotometers were compared to each other investigating their sensitivity in the analysis 

of the MW-treated starches. 

3.2.3.1 Results of the in vitro enzymatic digestion of microwave-treated starches 

The enzymatic digestibility curves of starches can be seen in Figure 22 while the typical 

kinetic parameters are shown in Table 8. The characteristics of the kinetic curves of untreated 

samples are in agreement with the previously observed facts (see chapter 3.2.1). The W starch 

was the most digestible, M and H starches showed similar characteristics while Fw starch was 

the most resistant to alpha-amylase due to its phosphorylated and cross-linked structure. The 

MW treatments did not cause significant differences in the shape of the kinetic curves (Figure 

22) in case of the different starches. The curves are running mostly together, no tendencies 

can be observed by increasing the MW energy. Additionally, the rate constant of the digestion 

(Table 8) which is the velocity of glucose liberation did not show any significant tendencies 

caused by the increasing energy of the treatments. Similarly to the k parameter, the two other 

digestibility parameters (AUC, Y180) were not significantly different before and after the most 
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intense treatments in case of W, H and Fw starches. In case of M starch, the presumable final 

glucose concentration (Y180) increased (M0-M4); however, no tendencies could be observed 

by increasing the energy of the treatments. The AUC value of M starch remained significantly 

not different after the most intense treatment. These results are in accordance with the study 

of Anderson & Guraya (2006) who studied waxy and non-waxy rice starches and found only 

minimal changes in digestibility even after longer MW treatments (60 min, from 300 to 1200 

W of power) compared to our study. 
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Figure 22 The digestibility curves of the untreated and microwave treated native and 

resistant starches 

(a) M starch, (b) W starch, (c) H starch, (d) Fw starch 
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Table 8 Changes of the typical kinetic parameters of M, W, H and Fw starches affected 

by microwave treatments 
(a) M samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

M0 1104.3±31.4ab 10.26±0.35a 0.0063±0.0009a 

M1 1106.5±7.8ab 10.69±0.22ab 0.0052±0.0006ab 

M2 1126.3±31.5ab 10.87±0.16bc 0.0051±0.0010ab 

M3 1061.7±41.8a 10.41±0.48ac 0.0046±0.0010b 

M4 1130.7±9.0b 10.92±0.21bc 0.0052±0.0009ab 

(b) W samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

W0 1223.3±31.6a 11.26±0.23ac 0.0071±0.0008a 

W1 1218.7±16.1ad 11.39±0.07a 0.0066±0.0004ab 

W2 1309.5±16.3be 12.17±0.43b 0.0068±0.0007ab 

W3 1149.0±31.2c 11.04±0.14c 0.0059±0.0008b 

W4 1194.0±57.4acde 11.06±0.92abc 0.0066±0.0013ab 

(c) H samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

H0 1146.0±61.2ab 10.38±0.55ab 0.0080±0.0015a 

H1 1131.7±31.1ab 10.37±0.43ab 0.0067±0.0004ab 

H2 1098.3±18.8a 10.37±0.25ab 0.0058±0.0005b 

H3 1158.3±21.8b 11.12±0.40a 0.0050±0.0014b 

H4 1093.3±27.0a 10.10±0.17b 0.0065±0.0003ab 

(d) Fw samples 

Sample AUC (mg/g)*min Y180 (mg/g) k (1/min) 

Fw0 634.5±10.1a 6.78±0.19a 0.0016±0.0014a 

Fw1 631.4±8.0a 6.46±0.12b 0.0031±0.0004a 

Fw2 640.0±10.0a 6.28±0.29ab 0.0036±0.0012a 

Fw3 647.0±12.9a 6.61±0.28ab 0.0025±0.0009a 

Fw4 642.5±22.8a 6.64±0.11a 0.0023±0.0018a 

Values represent means of triplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 

 

3.2.3.2 Results of the RVA method 

The RVA curves of the native and resistant starches before and after treatments can be seen in 

Figure 23. According to Gelencsér et al. (2008a), the resistant starches do not gelatinise below 

100 °C. It was found that they did not gelatinise even after MW treatments independently on 

the time and the power of the treatments or the type of RS (Figure 23c and 23d). Therefore, 

mixtures were made by using a single treated resistant starch in 40% and a single untreated 

maize starch in 60%. The RVA curves of the RS containing mixtures are depicted in Figure 

23c and 23d. All RVA parameters of the curves except the peak time can be found in Table 9. 

The peak time did not show any significant differences therefore it is not shown. 

Analysing the RVA curves and RVA parameters, it can be said that the more intense 

treatments caused changes in the rheological properties of the investigated starches dependent 

on the type of starch. The curves are running lower applying higher MW energy (Figure 23). 
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All RVA parameters except the pasting temperature (PT) showed decreases in the proper 

values of the native starches (Table 9). In case of resistant starch containing mixtures and of 

M and W starches; the peak viscosity (PV), trough (TR) and final viscosity (FV) were lower 

after the treatments. However, the effects of the treatments were only significant in case of the 

most intensive treatments (W starch and Fw starch containing mixtures) or the two most 

intensive treatments (M starch and H starch containing mixtures). Other studies also showed 

that the rheological properties of lentil starch (Gonzalez & Perez, 2002) or Canna edulis 

starch (Lares & Perez, 2006) were significantly lower after a six-minutes long MW treatment 

of 650 W power. 
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Figure 23 The RVA curves of the untreated and microwave treated native and resistant 

starches 

(a) M starch, (b) W starch, (c) * = H starch, # = mixtures of 40% H and 60% untreated 

M starch, (d) Fw starch, # = mixtures of 40% F and 60% untreated M starch. 
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The analysis of the experimental design showed that the alterations of the time of the 

treatment caused significant effects on some RVA parameters of samples (W starch: TR, FV; 

H starch containing mixtures: TR; Fw starch containing mixtures: PV, TR, FV) while in other 

cases not only the time but the power of the treatment was also significant (M starch: PV, TR, 

BD, FV, SB; W starch: PV, SB; H starch containing mixtures: PV, FV). 

The pasting temperature did not change in W starch and wheat-based Fw starch containing 

mixture while in M starch and maize-based H starch enriched mixture it increased 

significantly compared to the control one in case of the most intensive treatment. These 

results are in accordance with the observations of Lewandowicz et al. (2000) who found a 

shift in the gelatinisation range to higher temperatures in longer treated native starches. 

 

Table 9 Changes of RVA parameters in M, W starches and mixtures containing 40% of 

H and Fw starches affected by microwave treatments 
(a)                                                                                        M samples 

Sample PV (cP) TR (cP) BD (cP) FV (cP) SB (cP) PT (°C) 

M0 2871.5±9.2a 1830.5±21.9a 1041.0±31.1a 2658.5±14.8a 828.0±7.1a 78.2±0.0a 

M1 2859.5±2.1a 1834.5±19.1a 1025.0±17.0a 2658.5±13.4a 824.0±5.7a 78.6±0.5ab 

M2 2815.5±34.6ab 1794.0±19.8a 1021.5±14.8a 2612.0±45.3ab 818.0±25.5a 77.9±0.5a 

M3 2751.5±2.1b 1740.0±25.5a 1011.5±23.3a 2548.0±2.8b 808.0±22.6a 77.8±1.7ac 

M4 2456.5±37.5c 1538.0±11.3b 918.5±26.2a 2208.5±12.0c 670.5±0.7b 81.1±0.7bc 

(b)                                                                                        W samples 

Sample PV (cP) TR (cP) BD (cP) FV (cP) SB (cP) PT (°C) 

W0 3063.0±15.6a 2528.5±38.9a 534.5±23.3a 3490.5±41.7a 962.0±2.8a 84.3±0.5a 

W1 2988.5±37.5a 2453.0±90.5a 535.5±53.0ab 3404.5±79.9a 951.5±10.6a 85.2±0.6a 

W2 2917.5±77.1a 2437.5±152.0a 480.0±75.0ab 3361.5±191.6a 924.0±39.6a 85.6±1.2a 

W3 2671.5±145.0ab 2208.0±132.95ab 463.5±12.0a 2998.0±209.3ab 790.0±76.4ab 85.9±1.8a 

W4 2380.5±7.8b 1964.0±15.6b 416.5±7.8b 2594.5±6.4b 630.5±9.2b 87.2±1.1a 

(c)                                                                                        H starch containing mixtures 

Sample PV (cP) TR (cP) BD (cP) FV (cP) SB (cP) PT (°C) 

M-H0 790.5±4.9a 600.5±2.1a 190.0±7.1a 708.5±0.7a 108.0±1.4a 90.4±1.1ab 

M-H1 771.0±0.0b 592.0±1.4b 179.0±1.4a 701.0±2.8a 109.0±1.4a 91.3±0.1a 

M-H2 753.0±11.3abc 576.5±7.8ab 176.5±3.5a 667.5±7.8b 91.0±0.0b 90.8±0.7abc 

M-H3 729.5±2.1c 541.5±3.5c 188.0±5.7a 649.5±12.0bc 108.0±15.6ab 90.4±0.1b 

M-H4 697.0±1.4d 536.5±9.2c 160.5±7.8a 616.0±2.8c 79.5±6.4b 92.8±0.0c 

(d)                                                                                        Fw starch containing mixtures 

Sample PV (cP) TR (cP) BD (cP) FV (cP) SB (cP) PT (°C) 

M-Fw0 877.0±5.7a 638.5±2.1a 238.5±7.8ab 760.0±11.3ab 121.5±13.4a 92.4±0.5ab 

M-Fw1 873.5±7.8a 635.0±12.7ab 238.5±4.9ab 773.0±2.8a 138.0±9.9a 92.1±0.0a 

M-Fw2 868.0±12.7ab 624.5±10.6ab 243.5±2.1b 767.5±24.7ab 143.0±14.1a 90.8±0.6ab 

M-Fw3 832.5±2.1bc 602.0±5.7b 230.5±3.5a 732.5±4.9b 130.5±0.7a 91.7±0.6ab 

M-Fw4 800.5±14.8c 576.5±14.8b 224.0±0.0a 706.5±24.7a 130.0±9.9a 91.2±0.0b 

PV = peak viscosity, TR = trough, BD = breakdown, FV = final viscosity, SB = setback, PT = pasting 

temperature 

Values represent means of duplicates ± SD. Within the same column, the values with the same superscript letters 

are not significantly different (p < 0.05) 
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3.2.3.3 Results of the NIR analysis 

The analysis of the water peak 

The most characteristic absorption band for water is between 1900 and 1950 nm (the band of 

the combination of O–H stretching and O–H deformation). All MW treatments of the M, W, 

H and Fw starches caused significant increases in the minimum values compared to the 

untreated sample and to each treated sample (Figure 24) which means that the free water 

content reduced using more intense treatments independently on the alterations of the time or 

power of the treatments. These results are in agreement with the observations of other studies 

(Gonzalez & Perez, 2002; Lewandowicz et al., 1997; Szepes et al., 2005) where the MW 

treatment also caused decreases in the moisture content. Additionally, it can be observed that 

the last treatment caused a wavelength shift in the minimum values of the spectra of all 

samples which phenomenon can allude to the reduction of the free water content of starches in 

great extent. The dispersive and the FT-spectra did not show differences in their sensitivity in 

this region.  

The analysis of the carbohydrate II region 

The carbohydrate II region (2080–2130 nm, the band of the combination of O–H bending and 

C–O stretching) represents a notably variable band, as it is illustrated in Figure 25. In case of 

M, W and Fw untreated starches; two distinct peaks can be seen in the dispersive spectra 

(Figure 25a, 25b, 25d) in accordance with previous studies (Gergely & Salgó, 2005; chapter 

3.1.2). The first peak belongs to amylose (around 2096 nm) while the second one appears in 

the presence of amylopectin (around 2130 nm) above 50% amylopectin concentration of 

starches. In Figures of FT-spectra (Figure 25e, 25f, 25g, 25h) the amylopectin peak does not 

present probably due to the lower sensitivity of the FT-method. These results are in harmony 

with the observations of Peirs et al. (2002) who studied the firmness and soluble solid content 

of apple and found that the dispersive instrument gave slightly but significantly better models 

for the prediction. However, in other studies no differences (Sohn et al., 2007; 2008) or better 

prediction results (Schmidt et al., 2009; Sohn et al., 2008) were detected in case of FT-

spectrometers investigating barley samples. 

It is interesting to observe (Figure 25a, 25b, 25d) that the second peak (around 2130 nm) 

disappear with the increasing energy of the MW treatments; beginning from the second most 

intensive treatment any peak minimum cannot be detected. In case of amylose peak, the peak 

minimums decrease applying higher MW energy investigating the dispersive or the FT-NIR 

spectra. The effects of the more intense treatments can be sensitively detected in case of the 

different starches (Figure 25). However, in case of FT-NIR spectra, the differences are 
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smaller and less significant than in case of dispersive ones. The decreases of peak minimums 

mean more intense vibrations of O–H bending and C–O stretching indicating the structural 

changes of starches. These results are in agreement with the study of Szepes et al. (2005) who 

stated that the MW treatment caused irreversible changes in starch structure, such as 

crystalline-amorphous solid phase transition and amylose leakage. The changes induced by 

MW treatments proceeded in the following order: W > M > H and Fw starches. These results 

considering native starches are in accordance with the observations of Lewandowicz et al. 

(2000). However, the changes were not so intensive in case of high amylose containing RS as 

expected based on the mentioned study (Lewandowicz et al., 2000) where the samples with 

higher amylose content (normal starches compared to waxy starches) suffered bigger changes 

in crystallinity from the MW treatment. 

The analysis of the carbohydrate III region 

In the carbohydrate III region (2270–2290 nm, the combination of O–H stretching and C–C 

stretching) the differences between the two types of spectra are bigger than in case of 

carbohydrate II region confirming that the dispersive spectrometer is more sensitive than the 

FT one (Figure 26). The dispersive spectra (Figure 26a, 26b, 26c, 26d) are sensitive to the 

alterations of the power and time of the treatments. Investigating the FT-NIR spectra (Figure 

26e, 26f, 26g, 26h), it can be only stated that the spectra of the most intensively treated 

starches can be significantly distinguished from the control ones. The increases of the peak 

minimums (Figure 26a, 26b, 26c, 26d) in the function of the more intense treatments mean 

that the vibrations of O–H stretching and C–C stretching decrease alluding to the structural 

changes of starches (Lewandowicz et al., 1997; Szepes et al., 2005). These results are also in 

agreement with the investigations of Nemtanu et al. (2009) who stated that the spectral 

characteristics of maize starch suffered changes affected by electron beam combined with 

MW treatment. 

Concluding the results of the microwave treatments, it can be stated that the treatments did 

not cause significant tendencies in the digestibility of starches by increasing the microwave 

energy; the characteristics of the kinetic curves remained unchanged. The RSs cannot be 

gelatinised after the treatments; however, the rheological parameters were influenced by the 

alterations of the time and power. The NIR spectroscopic study even highlights the smallest 

changes in the starch vibrations (2080–2130 nm; 2270-2290 nm) alluding to the structural 

changes of starches affected by the lowest microwave energy. The dispersive NIR is 

applicable to follow up the structural changes of starches while the FT-NIR spectrometer 

showed lower sensitivity.  
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(a) M starch – dispersive NIR (b) W starch – dispersive NIR (c) H starch – dispersive NIR (d) Fw starch – dispersive NIR 
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Figure 24 Water absorption peak in second derivative spectra of native and resistant starches affected by microwave treatments.  
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(a) M starch – dispersive NIR (b) W starch – dispersive NIR (c) H starch – dispersive NIR (d) Fw starch – dispersive NIR 
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Figure 25 Carbohydrate II region in second derivative spectra of native and resistant starches affected by microwave treatments. 
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 (a) M starch – dispersive NIR (b) W starch – dispersive NIR (c) H starch – dispersive NIR (d) Fw starch – dispersive NIR 
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Figure 26 Carbohydrate III region in second derivative spectra of native and resistant starches affected by microwave treatments.  
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3.3 Correlation between enzymatic and rheological results 

It can be stated that the different enzymatic and rheological methods (mentioned in the 

literature overview and shown in the above parts of results, chapter 3.2) can sensitively 

describe the properties of resistant and native starches. The correlation between the different 

methods could provide novel information on the relationship of hydrolysis and rheological 

parameters (Kim & Kwak, 2009; Mangalika et al., 2003; Noda et al., 2008). Moreover, even 

because of simplicity of rheological methods they can be an alternative of the complicated 

and time consuming digestion test in case of starch samples. Therefore, we aimed to find a 

relationship between the rheological (RVA method) and enzymatic (a mono- and a multi-

enzymatic method) parameters of starches. 

To assess the relationship between RVA pasting characteristics and the enzymatic 

digestibility of the different starch mixtures, statistical cross-correlations were carried out. 

The applied data next to the results of 3.2.1 and 3.2.2 derived from a rapid visco analyser 

(RVA) and from a sixteen-hour long, multi-enzymatic method (Y16h) measuring the same 

uncooked samples which results were published by Gelencsér et al. (2008a) it is shown now 

in Table 10). 

The Pearson‘s correlation coefficients of untreated and cooked starches (Table 11) describe 

the relationship between the characteristic digestibility parameters showing the highest 

variability (the liberated glucose concentration at Y30 and Y60, AUC, k and Y16h) and the five 

parameters of rapid visco analyser curves (PV, Th, Bd, FV, Sb) which are dependent on RS 

content. RVA parameters changed sensitively up to 60% of RS ratio (Gelencsér et al., 2008a) 

thus these results were used for the correlations. 
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Table 10 Typical RVA and digestibility parameters of untreated native and resistant starch mixtures (published by Gelencsér et al., 

2008a) 
 

PV = peak viscosity, TR = through, BD = breakdown, FV = final viscosity, SB = setback, pt = peak time, PT = pasting temperature. Y16h = total liberated glucose concentration 

under 16h digestion using multi-enzymatic method. Values represent means of duplicates in case of RVA parameters, means of four replicates in case of digestibility 

parameter. 

(a)                                                                           MH series – untreated samples 

Sample PV (cP)  TR(cP) BD (cP) FV (cP)   SB (cP)   pt (min) PT (°C) Y16h (mg/ml)  

M 3041.5±27.6 2120.0±9.9 921.5±17.7 3207.0±42.4 1087.0±32.5 5.1±0.0 76.3±0.5 5.96±0.28 

MH20 1763.3±35.4 1310.3±34.0 453.0±20.0 1859.0±50.6 548.6±33.1 5.4±0.0 82.6±1.7 5.16±0.19 

MH40 895.0±29.7 740.5±31.8 154.5±2.1 936.5±41.7 196.0±9.9 5.5±0.0 89.2±0.6 4.95±0.35 

MH60 262.5±24.7 221.5±20.5 41.0±4.2 270.0±19.8 48.5±0.7 5.6±0.0 93.6±0.1 4.20±0.33 

MH80 43.5±9.2 31.5±7.8 12.0±1.4 41.0±7.1 9.5±0.7 5.5±0.5 - 3.53±0.16 

H 19.0±8.5 2.5±7.8 7.0±0.7 13.0±7.1 10.0±0.7 5.9±1.0 - 2.09±0.04 

(b)                                                                         WH series – untreated samples 

Sample PV (cP)  TR(cP) BD (cP) FV (cP)   SB (cP)   pt (min) PT (°C) Y16h (mg/ml)  

W 3423.5±31.8 2933.0±19.8 490.5±12.0 4160.0±59.4 1227.0±39.6 6.9±0.0 83.5±0.6 8.10±0.51 

WH20 1546.5±34.6 1178.5±40.3 368.0±5.7 2100.0±12.7 921.5±27.6 6.1±0.0 90.7±0.5 7.29±0.42 

WH40 568.5±36.1 417.5±29.0 151.0±7.1 1049.0±42.4 631.5±13.4 5.4±0.0 92.4±0.5 5.02±0.17 

WH60 134.5±36.1 98.5±24.7 36.0±11.3 212.5±24.7 114.0±0.0 6.7±0.1 94.3±1.1 4.50±0.16 

WH80 26.5±3.5 16.0±2.8 10.5±0.7 27.0±1.4 11.0±1.4 6.3±0.2 - 3.31±0.20 

H 19±8.5 2.5±7.8 16.5±0.7 13.0±7.1 10.5±0.7 5.9±1.0 - 2.09±0.04 

(c)                                                                          MF series – untreated samples 

Sample PV (cP)  TR(cP) BD (cP) FV (cP)   SB (cP)   pt (min) PT (°C) Y16h (mg/ml)  

M 3041.5±27.6 2120.0±9.9 921.5±17.7 3207.0±42.4 1087.0±32.5 5.1±0.0 76.3±0.5 5.96±0.28 

MF20 1816.0±132.3 1373.3±94.9 442.6±41.4 1809.3±151.7 436.0±58.8 5.4±0.0 83.3±1.2 5.18±0.22 

MF40 923.0±33.6 719.3±30.0 206.6±4.7 857.3±40.5 138.0±12.2 5.5±0.0 89.1±0.9 4.80±0.14 

MF60 336.3±42.7 234.6±34.3 101.6±8.6 268.0±39.9 33.3±5.9 5.8±0.1 93.9±0.5 3.79±0.33 

MF80 47.5±3.5 21.5±2.1 26.0±1.4 29.0±2.8 7.5±4.9 6.1±0.3 - 2.75±0.09 

F 18.0±3.5 3.0±2.8 15.0±0.7 7.0±5.0 4.0±0.8 3.7±0.9 - 1.37±0.02 

(d)                                                                          WF series – untreated samples 

Sample PV (cP)  TR(cP) BD (cP) FV (cP)   SB (cP)   pt (min) PT (°C) Y16h (mg/ml)  

W 3423.5±31.8 2933.0±19.8 490.5±12.0 4160.0±59.4 1227.0±39.6 6.9±0.0 83.5±0.6 8.10±0.51 

WF20 1649.5±36.1 1340.0±31.1 309.5±4.9 2024.0±147.1 684.0±116.0 6.5±0.1 89.2±13.7 6.50±0.19 

WF40 634.5±43.1 452.0±26.9 182.5±16.3 1216.5±64.3 764.5±37.5 5.5±0.0 93.3±1.1 4.60±0.47 

WF60 117.5±9.2 102.5±7.8 15.0±1.4 339.5±27.6 237.0±19.8 5.8±0.6 78.9±0.1 3.60±0.27 

WF80 33.5±3.5 21.0±1.4 12.5±4.9 45.5±2.1 24.5±0.7 6.8±0.1 - 2.95±0.17 

F 18.0±3.5 3.0±2.8 15.0±0.7 7.0±5.0 4.0±0.8 3.7±0.9 - 1.37±0.02 



80 

Table 11 Correlation coefficients calculated between mono-, multi-enzymatic (Gelencsér 

et al., 2008a) digestibility parameters and RVA data (Gelencsér et al., 2008a) of untreated 

and cooked native and resistant starch mixtures 

(a) MH series 

 PV TR BD FV SB 

Y30 0.176 0.156 0.216 0.178 0.216 

Y60 0.189 0.176 0.213 0.192 0.218 

k 0.333 0.317 0.364 0.336 0.366 

AUC 0.247 0.230 0.278 0.249 0.280 

Y16h 0.882* 0.896* 0.842* 0.880* 0.845* 

c_Y30 0.569 0.588 0.523 0.571 0.536 
c_Y60 0.506 0.525 0.463 0.508 0.473 
c_k 0.921* 0.934* 0.885* 0.922* 0.893* 

c_AUC 0.635 0.671* 0.554 0.635 0.566 

(b) WH series 

 PV TR BD FV SB 

Y30 0.563 0.561 0.543 0.560 0.514 
Y60 0.227 0.225 0.231 0.229 0.223 
k 0.583 0.592 0.494 0.572 0.474 

AUC 0.282 0.281 0.275 0.283 0.266 
Y16h 0.927* 0.911* 0.971* 0.931* 0.910* 

c_Y30 0.581 0.556 0.701 0.606 0.693 
c_Y60 0.658 0.637 0.750* 0.682 0.748* 
c_k 0.764* 0.750* 0.807* 0.777* 0.790* 

c_AUC 0.797* 0.775* 0.886* 0.836* 0.932* 

(c) MF series 

 PV TR BD FV SB 

Y30 0.518 0.513 0.518 0.520 0.520 
Y60 0.366 0.362 0.369 0.368 0.370 
k 0.494 0.478 0.521 0.500 0.528 

AUC 0.294 0.287 0.305 0.297 0.307 
Y16h 0.919* 0.935* 0.863* 0.911* 0.846* 

c_Y30 0.224 0.215 0.240 0.230 0.249 
c_Y60 -0.038 -0.053 -0.001 -0.028 0.017 
c_k 0.739* 0.702* 0.812* 0.753* 0.826* 

c_AUC -0.738* -0.747* -0.702* -0.733* -0.689* 

(d) WF series 

 PV TR BD FV SB 

Y30 0.571 0.567 0.574 0.574 0.546 
Y60 0.095 0.089 0.132 0.114 0.183 
k 0.504 0.504 0.488 0.512 0.491 

AUC 0.236 0.229 0.273 0.242 0.261 
Y16h 0.968* 0.964* 0.962* 0.957* 0.851* 

c_Y30 0.683 0.677 0.694 0.702 0.716* 
c_Y60 0.470 0.471 0.450 0.488 0.496 
c_k 0.806* 0.797* 0.841* 0.771* 0.622 

c_AUC 0.394 0.366 0.556 0.408 0.504 
‗c‘ denotes parameters of the cooked samples. The values with asterisks show significant correlations (p < 0.05) 

 

The correlation coefficients did not show any significant relationship between RVA and 

mono-enzymatic method (Table 11a and 11b) in case of untreated MH and WH series, as it 
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was expected due to the similar behavior of the samples during the digestion (3.2.1) while the 

RVA parameters of untreated MH and WH series (Table 10) changed sensitively up to 60% of 

RS ratio. 

If the total amount of liberated glucose under sixteen-hour digestion using multi-enzymatic 

method (Y16h) (Gelencsér et al., 2008a) was correlated with RVA results, it was found that 

Y16h positively and significantly correlated with peak viscosity (PV), trough (TR), breakdown 

(BD), final viscosity (FV) and setback (SB) in MH mixtures. In WH series, Y16h correlated 

significantly with the same parameters. These data are in accordance with the results of Kim 

& Kwak (2009) who stated that PV of maize starches showed correlation with their RS 

content. Additionally, our results are in agreement with Mangalika et al. (2003) who showed 

in wheat starches that RVA parameters correlated with amylose content. Our correlation 

coefficients were higher than 0.84, which means strong relationships between these 

parameters. On one hand, these data can provide novel information because RVA means a 

simpler and more accurate way thus it could be an alternative of the time consuming digestion 

test. On the other hand, samples with lower RVA parameters showed a lower amount of 

liberated glucose which indicates that the pasting properties can be also influencing in starch 

susceptibility.  

In case of untreated MF and WF mixtures, Y16h correlated significantly and positively with the 

characteristic RVA parameters as it can be seen in Table 11c and 11d. The results of F starch 

containing samples which have phospho-ester groups are in contrast with the investigations of 

Noda et al. (2008). They stated by investigating potato starches that RVA parameters 

correlated significantly and negatively with hydrolysis rate (under two-hour long digestion, 

calculated from total released glucose). Similarly to that data, our results also seem to be 

promising for the deeper knowledge of relationship between rheological and enzymatic 

parameters of phospho-ester bonds containing starches. 

The starches are partially or fully gelatinised during food processing as well as in RVA bins, 

thus it is interesting to investigate the correlation between the enzymatic and RVA results of 

cooked mixtures of native and resistant starches. 

In the cooked MH and WH series strong correlations were detected between the enzymatic 

and RVA methods (Table 11a, 11b). In MH series, the rate constant correlated significantly 

and positively with PV, TR, BD, FV and SB. Additionally, AUC values of cooked MH series 

correlated significantly with TR. In WH series Y60 correlated positively with BD and SB which 

are calculated from PV, TR and FV. Moreover, k and AUC correlated significantly with all 

RVA parameters. Our results may provide evidence that the decreases in the pasting 
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properties can contribute to lower digestibility values of heat-treated starches differing in their 

amylose content. These statements can be in accordance with the results of Hu et al. (2004) 

who investigated rice starches where starch with the lowest PV showed lower digestibility of 

gelatinised starch. These decreasing can be in contribution of the starch pasting properties to 

enzymatic digestibility according to the observations of Noda et al. (2008). Moreover, the 

high correlation coefficients (above 0.74) can confirm that RVA can be a predictive method 

for the initial and total digestibility of cooked starch-resistant starch (high amylose RS) 

mixtures thus to save time and even because of the simplicity of RVA, it can be an alternative 

of the analysis of starch samples with difficult digestion tests. 

In cooked MF mixtures, k and AUC correlated significantly with the rheological parameters 

(Table 11c). In WF mixtures, k correlated positively with PV, TR, BD and FV (Table 11d). 

These results also confirm that RVA may be useable as a predictive method for in vitro 

enzymatic digestibility. 

Concluding the results of the correlations, it can be stated that we found significant 

correlations between two different enzymatic methods as well as RVA method in case of 

untreated and gelatinised starches which can provide useful information for the prediction of 

in vitro digestibility. Additionally, the changes in RVA parameters can contribute to the 

change of enzymatic digestibility in raw and gelatinised samples containing native and 

resistant starches. 

3.4 Mixolab test (a new rheological method in RS analysis) 

The determination of rheological properties of flour dough is essential for the successful 

manufacturing of various bakery and pasta products because they determine the behaviour of 

dough during mechanical handling, thereby affecting the quality of the finished products. It is 

notably important to investigate the rheological properties of RS enriched dough because RS 

can negatively influence the physical properties of the RS containing products (Gelencsér, 

2009). Mixolab is a dough quality testing device which can be used to determine the 

rheological, gelatinisation and enzymatic properties of flours. However, since it is a new 

instrument the information related to its utilization on different aspects of flour quality and the 

effects of additives is quite limited. Therefore, our aim was to investigate the effects of RS 

addition in different mediums (bread or pasta flours). 
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3.4.1 The effects of RS and gluten addition in bread flour-based mixtures 

Our first questions were how the added gluten (needed because of the lack of gluten caused 

by the replacing of flour with RS2) influences the dough stability, dough consistency and 

protein breakdown and how the RS2 addition influences the gelatinisation-pasting-gelling 

behavior of the samples and the predictable product quality. The Mixolab curves of the 

samples can be seen in Figure 27. 
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Figure 27 The Mixolab curves of bread flour and their blends with different RS content 
             = bread flour;            = mixture containing 5% RS,              = mixture containing 10% RS,            = 

mixture containing 15% RS;           =  mixture containing 20% RS;              = mixture containing 25% 
 

Collar et al. (2007) showed that C2, stability and alpha values (see chapter 2.5) are correlated 

to protein quality of the flour samples while C3, C4 and C5 data from Mixolab analysis are 

correlated to starch properties therefore these characteristic parameters (Table 12) will be 

discussed in details. 

 

Table 12 The characteristic parameters of the Mixolab curves of bread flour-based 

samples 

Sample Stability (min) C2 (Nm) alpha (Nm/min) C3 (Nm) C4 (Nm) C5 (Nm) 

B control 5.47±0.16a 0.46±0.01a -0.061±0.007a 1.74±0.01ab 1.51±0.08abc 2.02±0.01a 

B 5% RS2 5.67±0.45abc 0.48±0.00a -0.061±0.016a 1.74±0.00ac 1.52±0.06a 1.91±0.03b 

B 10% RS2 6.30±0.16bc 0.48±0.01a -0.076±0.003a 1.72±0.01ab 1.45±0.04ab 1.78±0.02c 

B 15% RS2 7.02±0.37cd 0.48±0.00a -0.068±0.003a 1.70±0.01b 1.43±0.01a 1.64±0.04d 

B 20% RS2 7.35±0.28d 0.48±0.00a -0.075±0.004a 1.65±0.00cd 1.35±0.01b 1.51±0.00e 

B 25% RS2 7.47±0.06d 0.49±0.01a -0.074±0.003a 1.66±0.01d 1.30±0.00c 1.41±0.03 

Values represent means of duplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 
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The results showed that the C2 and alpha values did not change notably in the function of the 

RS and gluten addition. The stability of the mixtures increased significantly compared to the 

control sample, the increase of these values was linear. These results indicate that the 

compensation with gluten did not induce a decrease in the dough consistency; additionally the 

protein weakening of the samples was not significantly different from each other. 

The C3, C4 and C5 values of the samples showed bigger differences among the samples. The 

higher amount of RS containing samples were significantly different from the control and the 

lower amount of RS containing samples. The curves are running lower with the increasing 

amount of RS, the C3, C4 and C5 values changed linearly. These results are in accordance 

with the RVA study of Gelencsér (2009) where the RS addition decreased the parameters 

regarding to starch gelatinisation. 

3.4.2 The effects of RS addition in T. durum pasta flour-based mixtures 

We also aimed to investigate the effects of the addition of RS2 on the different stages of 

Mixolab curves of T. durum-based samples; therefore, the curves (Figure 28) and the 

characteristic parameters were analysed. Table 13 shows the characteristic parameters of the 

Mixolab curves. 

 

0

0.5

1

1.5

2

2.5

3

3.5

0 5 10 15 20 25 30 35 40 45

T
o
rq

u
e 

(N
m

)

Time (min)  

Figure 28 The Mixolab curves of T. durum flours and their blends with different RS 

content 
             = T. durum flour;           = mixture containing 5% RS,            = mixture containing 10% RS,            = 

mixture containing 15% RS;             =  mixture containing 20% RS;              = mixture containing 25% RS 
 

The addition of the RS caused significant changes in the shape of the curves in the first, third, 

fourth and fifth stages. The stability values are lower in case of higher amount of RS 
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containing samples (D 20% RS2, D 25% RS2) probably due to the lack of gluten. However, it 

is interesting that the flour can be replaced to 15% RS without causing the decrease of the 

values of stability. 

 

Table 13 The characteristic parameters of the Mixolab curves of T. durum pasta flour-

based samples 

Sample Stability (min) C2 (Nm) alpha (Nm/min) C3 (Nm) C4 (Nm) C5 (Nm) 

D control 8.20±0.01a 0.56±0.01acd -0.097±0.001a 2.19±0.01a 1.98±0.01a 3.26±0.03a 

D 5% RS2 7.23±1.42ab 0.55±0.01ad -0.082±0.006abc 2.16±0.02ab 2.04±0.08ab 3.08±0.06a 

D 10% RS2 9.42±0.73ab 0.58±0.01abcd -0.094±0.000ab 2.13±0.01b 2.10±0.04a 2.85±0.02b 

D 15% RS2 7.54±0.09b 0.59±0.00bc -0.081±0.021abc 2.06±0.00c 2.00±0.00ab 2.69±0.19a 

D 20% RS2 2.89±0.27c 0.57±0.00cd -0.088±0.000b 1.98±0.01d 1.88±0.00b 2.34±0.01b 

D 25% RS2 1.79±0.13dd 0.56±0.01d -0.074±0.003c 1.87±0.02e 1.71±0.04c 2.06±0.01c 

Values represent means of duplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 

 

The starch gelatinisation-pasting-gelling behaviours of the samples are similar to the 

phenomenon observed in case of bread flour-based samples (3.4.1), namely the addition of 

resistant starches decreased the predictable product quality. The 10% differences in the 

amount of RS of the samples can be significantly followed up in C3 and C5 values (Table 

13); additionally, these values decreased linearly in the function of RS addition.  

3.4.3 The effects of RS addition in T. aestivum pasta flour-based mixtures 

The Mixolab system was tested in the detection of the effects of RS2 addition similarly to the 

previously showed model systems (3.4.2, 3.4.3). The Mixolab curves of the RS2 containing T. 

aestivum samples are depicted in Figure 29 while the typical parameters of the Mixolab 

curves can be found in Table 14. 

The dough stability and the protein weakening (C2, alpha) did not show any significant 

tendencies in the function of the addition of RS; however, it can be said that the 25 % 

containing sample had the lowest values in all cases. Similarly to the previous results, the RS 

addition caused linear decreases in the last two stages (in the values of C4 and C5); the 10 % 

differences in the RS content can be well followed up in Figure 29. 

It is important to note that the breakages on the Figures (Figure 28 and 29) possibly derive 

from the instabilities of the system, which may influence the characteristic parameters. 

However, the breakages appeared only in case of one parallel of each samples (T. durum- or 

T. aestivum-based samples). 
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Figure 29 The Mixolab curves of T. aestivum flour and their blends with different RS2 

content 
             = T. aestivum flour;          = mixture containing 5% RS,              = mixture containing 10% RS,            = 

= mixture containing 15% RS;           =  mixture containing 20% RS;              = mixture containing 25% 
 

 

Table 14 The characteristic parameters of the Mixolab curves of T. aestivum pasta flour-

based samples 

Sample Stability (min) C2 (Nm) alpha (Nm/min) C3 (Nm) C4 (Nm) C5 (Nm) 

A control 5.59±0.05a 0.48±0.01a -0.065±0.018a 2.04±0.01a 1.77±0.04a 2.64±0.27ab 

A 5% RS2 6.29±0.08bcd 0.44±0.01b -0.072±0.001a 1.92±0.01b 1.64±0.05ab 2.20±0.04a 

A 10% RS2 6.39±0.05bcd 0.44±0.01b -0.077±0.013a 1.92±0.01b 1.59±0.03b 2.10±0.10ab 

A 15% RS2 6.16±0.08d 0.45±0.01ab -0.070±0.000a 1.95±0.02b 1.54±0.02bc 2.06±0.02b 

A 20% RS2 6.21±0.58ab 0.43±0.02abc -0.074±0.006a 1.86±0.06bc 1.39±0.06cd 1.80±0.05c 

A 25% RS2 4.94±0.26a 0.41±0.00c -0.068±0.006a 1.77±0.03c 1.22±0.01d 1.55±0.03d 

Values represent means of duplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 

 

Concluding the results, it can be stated that the Mixolab is applicable to follow up the effects 

of the RS addition in bread, T. durum and T. aestivum pasta flour-based samples. Dependent 

on the medium, the parameters of the gelatinisation, breakdown or retrogradation phases are 

determining. The C5 value, which is the maximum torque after cooling, can be applied for the 

prediction of RS addition to flours independently on the medium. 

BREAD PRODUCTS 

In previous studies it was shown that the baking has great influence on starch (Annison & 

Topping, 1994) and resistant starch (Gelencsér, 2009) digestibility. In other studies (Liljeberg 

et al., 1996) it was also investigated whether the formation of RS in pumpernickel bread 

products could be affected by altering the processing conditions. It was stated that the RS 
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content of these products can be increased by the moderate baking process (Liljeberg et al., 

1996). Therefore, the aim of the first measurements carried out on RS containing bread 

samples was to investigate the effects of the alterations of different baking parameters 

(temperature, weight of product) as well as the type of RS on the digestibility of these 

products. 

In the other study, we aimed to investigate the effects of different freezing technologies as 

usually applied in baking industry (Selomulyo & Zhou, 2007) on the digestibility, physical 

and sensory properties of RS2 containing bread rolls. It is known that the freezing play an 

important role in the quality of bread produced from frozen dough (Bhattacharya et al., 2003) 

or from pre-baked bread (Barcenas et al., 2003). Additionally, there is little literature about 

the impact of dietary fibres intake on the bread technological quality affected by the freezing 

(Rosell & Santos, 2010). 

 

The concentrations of the liberated glucose were represented in the function of the time of 

digestion, and first-order kinetic curves were fitted to the measured points according to Goñi 

et al. (1997). The nonlinear equation (1) used for the evaluations was the same described 

before (chapter 3.2). 

3.5 The investigation of the effects of different baking parameters on 

digestion of bread rolls 

According to a 3^3 experimental design (as it was detailed in chapter 2.6.1), the effects of 

starch type (RS2, RS4 or control denoted as ‗C‘), the weight of the bread rolls  

(55 g, 130 g or 205 g) and the baking temperature (180 °C, 210 °C or 240 °C) on digestibility 

were investigated. 

Figure 30, 31 and 32 show the k, Ymax and AUC values of the samples baked at different 

temperatures, in different weigths using different recipes. 
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Figure 30 The k values of the baked bread rolls at different temperatures 

 

It can be seen (Figure 30) that the velocity of the glucose liberation showed similar values 

affected by the different circumstances. In some cases; however, the glucose liberation was 

slower in RS2 enriched products compared to the control or RS4 containing samples as it was 

expected based on our previous results (3.2.2) and the study of Gelencsér (2009). The 

ANOVA analysis confirmed the starch quality as a significant factor. 
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Figure 31 The Ymax values of the baked bread rolls at different temperatures 

 

Ymax changed similarly to k parameter; no tendencies can be seen by increasing the weights of 

bread rolls or the baking temperature (Figure 31). Only the interaction between the baking 

temperature and the weight of bread rolls and the interaction between the three factors were 

significant (ANOVA). The addition of RS2 caused significant decreases in the equilibrium 

concentrations compared to the control samples; however, only in few cases. 
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As it is illustrated in Figure 32, the AUC values showed the greatest variability among the 

characteristic digestibility parameters.  
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Figure 32 The AUC values of the baked bread rolls at different temperatures 

 

Most of the AUC values of bread rolls containing high amylose RS2 were significantly lower 

compared to the control or RS4 enriched products as it was statistically confirmed (p < 0.05). 

Our results are in agreement with previous studies (Åkerberg et al., 1998; Gelencsér, 2009; 

Hoebler et al., 1999) who found that the high amylose maize starch enriched products showed 

lower glycaemic response compared to control products without any additives. Bread rolls 

with phosphorylated RS4 showed lower or similar digestibility than control products. RS4 

seemed to have partially lost its resistance, according to our results and other studies 

(Gelencsér, 2009). Increasing the temperature or the baking weigth of bread rolls (Figure 32), 

no tendencies can be observed. 

 

Concluding the results, it can be stated that the most significant factor was the starch quality; 

the alterations of the other parameters (30 °C differences in the values temperature or 75 g 

differences in the values of weight) did not cause significant changes in the kinetic 

parameters. 

3.6 The investigation of the effects of different baking and freezing 

technologies on bread rolls 

The effects of the different freezing technologies were examined on the digestibility and 

sensory as well as physical properties of bread rolls. 
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3.6.1 Results of the in vitro enzymatic digestion 

The digestibility curves of the control, 10% RS2 and 25% RS2 enriched bread rolls can be 

seen in Figure 33 while the typical kinetic parameters can be found in Table 15.  
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Figure 33 The digestibility curves of the bread rolls affected by different technologies 

PBFB ( ); PBfFB ( ); fFB (             ); PBfFBf (              ) 

PBFB = pre-baked then full-baked; PBfFB = pre-baked then frozen then full-baked; fFB = frozen dough then 

full-baked; PBfFBf = pre-baked then frozen then full-baked then frozen 

(a) control; (b) 10% RS enriched bread rolls; (c) 25% RS enriched bread rolls 

 

The curves are running lower in case of the 25% RS containing samples (Figure 33c) 

compared to the control samples (Figure 33a). The digestibility curves of the different 

samples affected by different technologies (Figure 33a, 33b and 33c) are running mostly 

together; however, it can be observed that the curves of the two times frozen breads (PBfFBf 

= pre-baked then frozen then full-baked then frozen) are running above in all cases. However, 
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it can be said that the characteristics of the kinetic curves did not change caused by the 

different freezing and baking steps. 

Investigating the digestibility parameters, the values of Ymax and k parameters did not differ 

significantly in case of the different samples affected by the baking and freezing procedures 

(Table 15a, 15b, 15c); however, the AUC values seemed to be sensitive to the effects of 

different technologies. As it was shown investigating the digestibility curves (Figure 33) as 

well, the two times frozen bread (PBfFBf = pre-baked then frozen then full-baked then 

frozen) had the significantly highest digestibility values in all cases. Moreover, in case of the 

RS enriched samples, the bread rolls prepared from frozen bread dough (fFB = frozen dough 

then full-baked) were also significantly more digestible compared to the pre-baked then full-

baked samples (PBFB). It means that the two-step freezing negatively influenced the 

digestibility of all samples (containing RS or not); additionally, the freezing of the dough 

increased the digestibility of RS containing samples as well. 

 

Table 15 Typical kinetic parameters of the bread rolls affected by different technologies 
(a) control samples 

Sample AUC (mg/g)*min Ymax (mg/g) k (1/min) 

PBFB 2630.0±7.1a 24.38±0.30a 0.0127±0.0003a 

PBfFB 2594.0±50.9a 25.56±1.50a 0.0114±0.0018a 

fFB 2568.5±84.1ab 22.71±0.01a 0.0141±0.0010a 

PBfFBf 2760.5±4.9b 24.23±0.18a 0.0143±0.0003a 

(b) 10% RS containing samples 

Sample AUC (mg/g)*min Ymax (mg/g) k (1/min) 

PBFB 2587.5±17.7a 22.82±0.45a 0.0142±0.0008a 

PBfFB 2619.5±19.1ab 24.85±0.76ac 0.0122±0.0010a 

fFB 2671.5±7.8b 24.90±0.38bc 0.0126±0.0005a 

PBfFBf 2770.0±2.8c 25.01±0.15bc 0.0135±0.0002a 

(c) 25% RS containing samples 

Sample AUC (mg/g)*min Ymax (mg/g) k (1/min) 

PBFB 2177.0±40.8a 23.34±1.26a 0.0088±0.0020a 

PBfFB 2173.8±62.7ab 21.80±2.40a 0.0114±0.0028a 

fFB 2323.3±20.6b 23.93±2.15a 0.0106±0.0019a 

PBfFBf 2327.3±78.1b 22.26±1.09a 0.0112±0.0024a 

Values represent means of duplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 

PBFB = pre-baked then full-baked; PBfFB = pre-baked then frozen then full-baked; fFB = frozen dough then 

full-baked; PBfFBf = pre-baked then frozen then full-baked then frozen 

 

Our results may suggest that the resistant starch damaged during freezing in accordance with 

the previous findings of Berglund et al. (1991) and Ribotta et al. (2003, 2004). They found 

that the freezing of bread doughs resulted in mechanical damage of starch and changes in 

starch properties. Additionally, the two-step freezing may also cause damage in crumb 

structure in agreement with the assumption of Carr et al. (2006). They stated that the crumb 
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structure could be damaged due to ice crystal growth during frozen storage. Additionally, Yu 

et al. (2010b) stored cooked rice at -18 °C and stated that the rapid freezing and frozen storage 

can effectively retard starch retrogradation which may be in agreement with our results as 

well. 

The digestibility of the pre-baked then frozen then full-baked samples did not differ 

significantly from the pre-baked then full-baked samples in agreement with the observations 

of Lecerf et al. (2008). They investigated the effects of deep freezing in the nutritional quality 

of pre-cooked and pre-proofed ―campagne‖ breads and found that the resistant starch content 

did not differ significantly from the traditional breads (made without any freezing steps). 

3.6.2 Results of the physical and sensory properties of bread rolls 

Next to the digestibility characteristics, bread products were also investigated from the weight 

and volume values as well as sensory properties point of view.  

The physical properties of samples can be seen in Table 16 where it can be observed that the 

different technologies did not influence the weight of the products notably. 

 

Table 16 Physical properties of different bread products 
(a) control samples 

Sample Weight (g) Volume (cm
3
) 

PBFB 63±1a 146±11a 

PBfFB 63±1a 150±14a 

fFB 64±1a 171±3b 

(b) 10% RS containing samples 

Sample Weight (g) Volume (cm
3
) 

PBFB 63±2a 135±10a 

PBfFB 63±1a 130±4a 

fFB 64±1a 153±6b 

(c) 25% RS containing samples 

Sample Weight (g) Volume (cm
3
) 

PBFB 61±1a 123±5a 

PBfFB 63±1b 128±10ab 

fFB 65±1c 133±3b 

Values represent means of duplicates ± SD. Within the same column, the values with the same superscript are 

not significantly different (p < 0.05). 

PBFB = pre-baked then full-baked; PBfFB = pre-baked then frozen then full-baked; fFB = frozen dough then 

full-baked; PBfFBf = pre-baked then frozen then full-baked then frozen 

 

The volumes did not change in case of PBfFB (=pre-baked then frozen then full-baked) 

samples compared to PBFB (=pre-baked then full-baked) bread rolls. Rosell & Santos (2010) 

also found that the supplemantion with RS resulted in PBfFB (=pre-baked then frozen then 

full-baked) breads keeping their specific volume even after frozen storage at -18 °C compared 

to samples without freezing (PBFB =pre-baked then full-baked). 
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However, the volumes of the fFB (= frozen dough then full-baked) samples were significantly 

higher than PBFB (= pre-baked then full-baked) samples in all cases (Table 16) which can 

derive from the different way of sample preparation; additionally, Polaki et al. (2010) found 

that crumb microstructure is significantly influenced by the breadmaking process (pre-baking 

or frozen dough) which statements may be in agreement with our results. 

Additionally, the volume decreased by increasing the RS amount in samples which results are 

in agreement with the similar observations of Gelencsér (2009) and Rosell & Santos (2010). 

Namely, the RS and gluten addition might have induced an inefficient texture of the crumb 

due to an inadequate integration into the bread structure. 

 

The results of the sensory evaluation can be observed in Table 17.  

Table 17 Results of sensory evaluation of different bread products 
(a)                                                            control samples 

Sample Shape Crust Crumb Smell Taste Total score 

PBFB 5.0±0.0a 4.3±0.5a 3.8±0.9a 4.1±0.7a 4.2±0.7a 16.7±1.8a 

PBfFB 5.0±0.0a 4.4±0.6a 4.2±0.8a 4.2±0.8a 4.3±0.8a 17.5±1.7a 

fFB 5.0±0.0a 4.5±0.6a 3.9±0.9a 4.4±0.6a 4.2±0.8a 17.1±1.6a 

(b)                                                           10% RS containing samples 

Sample Shape Crust Crumb Smell Taste Total score 

PBFB 5.0±0.0a 3.8±0.8a 4.1±0.7a 3.9±0.8a 3.9±0.5a 16.4±1.3a 

PBfFB 5.0±0.0a 3.8±0.9a 4.1±0.6a 4.5±0.5b 4.1±0.7a 16.9±1.8a 

fFB 5.0±0.0a 3.7±0.8a 3.3±1.0b 3.8±0.8a 3.6±0.8a 15.0±2.1b 

(c)                                                           25% RS containing samples 

Sample Shape Crust Crumb Smell Taste Total score 

PBFB 5.0±0.0a 4.1±0.8a 3.9±0.8a 3.9±1.0a 3.7±1.1a 16.1±1.7a 

PBfFB 5.0±0.0a 4.0±0.7a 3.8±0.9a 4.0±0.9a 3.7±0.9a 16.1±2.2a 

fFB 5.0±0.0a 3.2±0.8b 3.6±0.8a 3.9±0.9a 3.7±0.8a 15.2±1.2a 

Values represent means of 15 points ± SD. Within the same column, the values with the same superscript are not 

significantly different (p < 0.05). 

PBFB = pre-baked then full-baked; PBfFB = pre-baked then frozen then full-baked; fFB = frozen dough then 

full-baked; PBfFBf = pre-baked then frozen then full-baked then frozen 

 

According to the sensory panel, each bread product could be ranged into the second category 

(good). However, the 25% RS addition decreased the total score values of bread rolls in all 

cases. The different technologies did not influence the sensory properties of samples in most 

cases. Similarly to our results, Fik & Surowka (2002) stated that the freezing and one week 

storage of pre-baked bread samples caused only relatively small decrease in quality scores 

compared the fresh full-baked products. Moreover, Ronda et al. (2010) reported that the 

firmness of crumb of PBfFB (=pre-baked then frozen then full-baked) samples was not 

significantly different from the PBFB (=pre-baked then full-baked) samples after one week 

frozen storage (-18 °C). 
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Summarizing the effects of freezing, it can be said that the digestibility changed after the two-

step freezing procedure. Additionally, the resistant starches may have damaged during the 

dough freezing. The volume increased in case of products prepared from the dough freezing; 

the other technologies did not cause significant effects in this parameter. All products 

independently on the technology were ranged into the ―good‖ category of Hungarian standard. 
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SUMMARY and NEW SCIENTIFIC RESULTS 

Resistant starches are broadly investigated as appropriate additives in starch-based products 

due to their well-known and proved health benefits. However, it was shown in previous 

studies that these starches are sensitive for the different heat treatments used in the food 

processing which can cause changes especially in the resistance. In my PhD studies I have 

investigated the properties of resistant starches in raw state and real matrices, their behaviour 

influenced by different technologies compared to native starches. The applicability of 

different new devices in RS analysis was also tested; moreover, the relationship between 

rheological and enzymatic properties was investigated. 

 

The physichochemical properties of resistant starches were investigated using near infrared 

spectroscopy and tested the applicability of NIRS in RS analysis which has not been carried 

out yet. I could prove that 

1, the investigated characteristic carbohydrate I, II, III and IV regions (1575–1590 nm, the 

first overtone of O–H stretching; 2080–2130 nm, the combination of O–H bending and C–O 

stretching; 2275–2290 nm; the combination of O–H stretching and C–C stretching and 2310–

2335 nm, the combination of C–H bending and C–H stretching) are sensitive on the properties 

of RSs in different extent. The vibrations of the regions of the 2080–2130 nm and the 2275–

2290 nm provide the most comparable and changeable regions of the samples. 

2, the addition of high amylose RS2 starch thus the changes of the amylose-amylopectin ratio 

can be sensitively followed up in carbohydrate II region. The phospho-ester bounds 

containing RS4 is not so characteristic probably due to reduced mobility of amorphous 

chains; however, the RS4 addition can be detected. 

3, the carbohydrate III region is sensitive for the differences of amylose-amylopectin ratio as 

well. The addition of wheat-based RS4 can be differentiated only in maize-based mixtures 

due to the different botanical origin. The differences of amylose-amylopectin ratio can be 

observed in this region the most sensitively. 

 

I have also studied the effects of different heat treatments on the properties of RS 

containing mixtures or RSs and confirmed that 

1, the cooking step affects significantly higher degradability in wheat, maize and RS4 starches 

compared to RS2 starch. RS4 lost the majority of its enzymatic insusceptibility against alpha-

amylase while RS2 possibly changed to RS3 and became more resistant in the applied test. In 

maize- or wheat starch-based mixtures, the addition of RS2 reduced the values of total area 

under the curve (totally liberated glucose during a three-hour period) as well as the rate 
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constant of the digestion linearly. These results seem to be promising and important facts for 

the application of RS2 in food industry because k and AUC values can be predicted in the 

function of high amylose RS2 addition. Additionally, no synergistic effects can be determined 

in maize- or wheat-based model systems, which is also notable information for product 

development. 

2, no significant tendencies can be observed in the digestibility of resistant starches caused by 

increasing the microwave energy; the characteristics of the kinetic curves remained 

unchanged. 

3, the resistant starches do not gelatinise even after microwave treatments in the applied 

procedure. However, applying these starches in 40% of native starch containing mixtures, the 

changes of RSs are also demonstrable. The MW treatments deteriorated the rheological 

properties of all starches. 

4, the NIR spectroscopic study even highlights the smallest changes in the starch vibrations 

(2080–2130 nm; 2270–2290 nm) alluding to the structural changes of starches affected by the 

lowest microwave energy. 

 

Using the microwave-treated samples the sensitivity of two different near infrared 

spectrophotometer were compared and shown that 

1, the dispersive NIR spectrometer is applicable to follow up the structural changes of 

starches caused by microwave treatments while the FT-NIR spectrometer showed lower 

sensitivity despite its higher resolution. The differences between the two spectrometers were 

the most significant in the carbohydrate III region. 

 

The results of the correlation between enzymatic and rheological methods allowed 

concluding that 

1, significant correlations are between two different in vitro enzymatic methods as well as 

RVA method in case of untreated and cooked starches and mixtures of starches which can 

provide useful information for the prediction of in vitro digestibility. Additionally, the 

changes in RVA parameters can contribute to the change of enzymatic digestibility in raw and 

cooked samples containing native and resistant starches. 

 

This study was the first, which applied the Mixolab technology in the analysis of RS 

containing samples and it can be concluded that 

1, the Mixolab is applicable to follow up the RS addition (decreasing effect) in bread, T. 

durum and T. aestivum flour-based samples. Depending on the medium, the parameters of the 

gelatinisation, breakdown or retrogradation phases are determining. The C5 parameter, which 
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is the maximum torque after cooling, can be applied for the prediction of RS addition to flours 

independently on the medium. 

 

The effects of the alterations of different baking conditions and technologies on the 

properties of bread rolls reflected that 

1, the most significant factor is the starch quality among the following parameters: baking 

temperature, weight or the added starch type; the alterations of the other parameters  

(30 °C and 60 °C differences in the values of temperature or 75 g and 150 g differences in the 

values of weight) do not cause significant changes in the kinetic parameters in the applied 

test. 

2, the freezing of the pre-baked breads does not influence the digestibility of RS containing 

bread rolls; however, the resistant starches probably damage during dough freezing and two-

step freezing (freezing after pre-baking and freezing after full-baking). 

3, the different freezing and baking technologies do not influence the sensory properties of 

samples. The volumes of samples do not differ from each other except in case of bread rolls 

prepared from frozen doughs which values were higher compared to the samples without 

freezing. 

 

Summarizing all of the results the main conclusion can be that the resistant starches can be 

characterised using new methods in their analysis such as near infrared spectroscopy and 

Mixolab device. Different types of resistant starches behave similarly in case of dry heat 

treatment (microwave, a newer investigated effect); however, the more intense moisture heat 

treatment causes different changes in the properties of RSs. Applying our model systems, the 

relationships between enzymatic and rheological methods are highlighted; additionally, the 

sensitivity of different spectrophotometers can be compared. The results of the bread rolls 

allow concluding that the effects of different technologies have to be taken into account. Our 

results confirm the applicability of resistant starches in starch-based products as well as their 

nutritional role. The newer applied methods can help the food analysts to understand the 

properties of resistant starches more widely. Moreover, the knowledge of the effects of newer 

technologies and adjustments can help food producers to preserve the beneficial properties of 

resistant starches even after different technological steps. 
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