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INTRODUCTION

Recently,eating habits havehanged in the developed countries. Instead of the consumption
of the traditional, natural foods, the refined fotlust are easy tbe digested and contain high
caloriesare consumed every dagesideshe sedimentary lifestyle, the changes of the eating
habits led to thepreadof obesityworldwide.Only in the USA nearly 100 millionadults are
overweight or obese. Obesity puts pleopt 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, manyiow@édl authorities have long recommended greater
consumption of grain and fibméch products to control weighThe 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 dult men and 25 g/day for adult womédmowever, the mean intake is

now maximum 20 g/dayrhe consumption of dietary fibres seems to be a promising solution
according to their definition (AACC reportjiDietary fibres ... are resistant to digestion and
absaption in the human small intestine with complete or partial fermentation in the large
intestine.... Dietary fibres promote beneficial physiological effects including laxation, and/or
bl ood cholesterol attenuat i olma reparh of /acJoint bl oo d
FAO/WHO Expert Consultation, resistant staistdefined aglietary fibreas well. Resistant
starch that escapes digestion in the human small inteséippears to have a unique
combination of physiological and functional properties comgao 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 otherswaintestinal disorders. Additionally, commercial
resistant starches have desirgpgsicochemical propertiasaking it useful in a variety of
foods. Moreover, resistant starches do not influence the sensory properties ofbstsech
products (bread, g#a, 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. Meoeover, the understanding of the relationship betveterictural characteristics

and functional as well as nutritional propertiesesdistanstarchesan help food producers in
optimizing industrial applications.

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

the extent ath the rate of starch hydrolysigie amount of resistant staral well as the role



played by resistant starch in human digestive trAst.it was shown in previous studies,
resistantstarchescan besensitive fordifferent treatments used fmod manufacture which
can cause chaeg especially in the resistance; howevelisialso possible to increase its

concentration in food products througiecificprocessing conditions.

Accordingly, in my studiesit 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 boeadtpr

After the literature overvieytheaims of this thesisill be summarized.



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 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 BEh{varz & 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 preparati@engoptlarity of starch

grew in Europe around the 14th century, owing to its use for stiffening linen and starch was
subsequenthadopted 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 tieoaly in the last two
centuries(Kaur et al., 200&). Next to its proper stiffening and adhesive properties, starch is
especially important because it forms the main source of energg huthan diethnowadays

mainly in the form of bread and pasta products. Additionally, it is also used as gelting
pasting component in sauces, soups, dressings and sfié&aus et al., 1998

Starch is the dominant carbohydrate reserve material of hghets, 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 charactegriatiule morphology.

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

in size (1nm-100 nm in diameter), in size distribution (urer bimodal), in association of

i ndi vidual (simpl e) or granul e glucans lipe,r s (cc
moisture, protein and mineral content). Some different starch granules can be Biggmen

1. Normal and waxy maize starches (Figure 1la 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. PotatqBiguca 1d) has both oval and
spherical shapes. High amylose maize starches (Figure le) have elongated, filamentous
granules, in addition to polygonal and spherical granules. The greater the amylose content of
the starch, the greater the number of filatnea 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 maizéJane, 2000

Starch granules are composed of two typesliaglucan, amylose and amylopectin, which
represent approximately 9 % of the dry weight. The ratio of the two polysaccharides
varies according to the botanical origin of the stambrmal starches comain 7680 %
amylopectin and 280 % amyloseJane, 2009; Tester et al., 200 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% (amylomaikégt{eev et al., 2001

Amylose and amylopectin have different structures and properties; however, both molecules
are composed of a number of monosaccharides (glucose) linked togethealphidil,4
and/oralpha1-6 linkages. Amylose is a mainly linear polyneansisting of long chains of
alpha1,4linked glucose units. Its molecular weight is approximafeiy0®>-1*10° it has a
degree of polymerisation (DP) by number (DBf 3244920 with around 20 branch points
equivalent to 3l1 chains per molecule&stith, 2001; Wang et al., 1998The chains can
easily form single or double helices. On the basis-o&ydiffraction studies, the presence of
A-type and Btype amylose is indicate@he structural elements 8ftype are double helices,
which are packed in aantiparallel, hexagonal mode. The central channel surrounded by 6
double helices is filled with water (36,8/unit cell).A-Typeis very similar toB-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% 1* 10° and a heavily branched structure built from about 9%Ipha1,4 and 5 %
alpha1,6 linkages. The DHs typically within the range 96605900.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 126 that can form doué helices are arranged in clusters. The
clusters comprise 8% to 90% of the chains and are linked by longer chains (B) that form the
other 10% to 20% of the chains. Most Bhains extend into 2 (DP about 40) or 3 clusters
(DP about 70), but some exteimdo more clusters (DP about 11@).chains bind to other B



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

B8
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A ! —— B chains
ini = Crystalline
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— —< branchpoints

Figure 2 The cluster model of amylogctin 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 lamel@en(d thick)

which alternate with less crystaié (34 nm thick) regions composed of the branch points
(P®r e z e ). Onathe basis &f Hay @iffraction experimentabout 70% of the mass of
starch granule is regarded as amorphous and abodb 33 crystalline(semicrystalline
character) The anorphous 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 st@h granule can be seanFigure 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 ste€ give the secalled Atype pattern; some tuber
starches €.g. potato) and cereal starches rich in amylose yield thigpB pattern, while
legume starchegenerally give a @ype pattern whileV-type occurs in swollen granules

(P®r e z e} Thaseypesdegedipartly on the chain length making up the amylopectin



lattice, the density of packing within the granules, and the presence of(%afiéata et al.,
20096.

é Amylopectin

—t—. Amylose

Figure 3 Schematic of the organisation of a starch granel(Jane, 2000

A-Type: The Atype 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 structurebdtween these micelles, linear
chains of amylose parts are packed by forming hydrogen bonds with outer linear chains of
amylopectin.

B-Type: The Btype structure consists of amylopectin of chain lengths of 30 to 44 glucose
molecules with water intespread

C-Type: The Gtype structure is made up of amylopectin of chain lengths of 26 to 29 glucose
molecules, a combination of-#ype and Btype.

V-Type: The V-typeis a generic term for amyloses obtained as single helicesystallized

with compounds sucés iodine, dimetisulfoxide (DMSO), alcohols or fatigcids Bu | ®o n et
al., 199§. For example, thamyloselipid complex in native starch granule is amorphigor
crystalline) and can be annealed into a more ordered semicrystalline form which disgplays a
type patterr{Jane, 200P

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

in next chapter.



1.2 Classification of starches based on their nutritional properties

For nutritional purposes, starch can bessified into three categories by the Englyst test
(Berry, 1986;Englyst et al., 1992 depending on their rate and extent of digestion; these
include rapidly digedble starch (RDS), slowly digesie starch (SDS), and resistant starch
(RS). The main enzyms, 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 bloooseaglu
concentration after ingestion of carbohydratess action of starchn vitro is defined as the
amount of starch digested in the first 20 min of a standard digestion reaction nietghgst

et al., 1992 Although RDS is defined by experimentaladysis of digestioin vitro, the rate

of starch conversion to sugar follows similar kinetics in the human digestive sf3tera et

al., 2010. RDS means mainly amorphous starch fractions that occur in high amounts in
freshly cooked or baked starchy f@ogbread, potatoegnnison& 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 minnder standard conditions of substrate and enzyme concentration
(Englyst et al., 1992 The potential health benefits of SO¥s vivo include stable glucose
metabolism, diabetes management, mental performance, and sh@btyafin & Robin,
2007. Mostly physically inaccessible amorphous starches, raw starches wiypeAor G

type crystalline patterandB-type starcleseither in granule form or retrograded fobmlong

to this type

The fraction of starch that escapes digestion in the small inteatide@nnot be digested
within 120 min,is defined asRS (Dona et al.,, 2000The ter m of Aresi stan
from Englyst et al. (1982)Later, it has been definebrmally by the European Flair
Concerted Action on Resistant Starch (EURESTA) as the hstarcproducts 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 mater{ghraj et al., 2004

1C



Resistant starch has been classified into four general sul{fyjgese 4)called RS1 RS2,

RS3 andRS4 (Asp et al., 1996; Englyst et al., 1992; Fuerdasagoza et al., 2010; Nugent,
2005; Sajilata et al., 2006

RS1 (Figure 4a): It has a compact molecular structunehich limits the accessibility of
digestive enzymed his starchis entrapped within whole or partly milled grains or sesab
tubers(FuentesZaragoza et al., 2010; Haralampu, 2000 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 saRfleis heat stable in most normal
cooking operations, which enables its use as an ingredient in a wide variety of aoralenti
foods Gajilata et al., 2006

RS2 (Figure4b): RS2 are native, uncooked granules of stasabh as raw potatbananaand

high amylose maizestarches, whose crystallinity makes them poorly susceptible to
hydrolysis.They are protected from digestidyy the conformation or structure of the starch
granule. This compact structurgightly packed in a radial pattern and is relatively
dehydrated)imits the accessibility of digestive enzymes, and accounts for the resistant nature
of RS2. A particular typef RS2 is unique as it retains its structure and resistance even during
the processing and preparation of mémgds; this RS2 is called highmylose maize steh.

RS2is 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 sampleRuentesZaragoza et al., 2010; Nugent, 2005; Sajilata et al.,)2006

RS3 (Figure 4c): RS3 refers to nogranular starclierived materials that resist digestio
Starch granules are disrupted by heating in an excess of water in a process commonly known
as gelatiation, which renders the molecules fully accessible to digestive enzymes.
However, if these starch gels are then codtetrogradation)they form sarch crystals that

are resistant to enzymes digestiirmay be formed in cooked foods that are kept at low or
room temperaturel herefore, mst moistire heatreatedfoods contain some RS8 is found

in small quantities (appximately 5%) in foods suchs cornflakes or cooked and cooled
potatoes RS3 can be idided into two subtypes: RS3a (llla) containing crystalline
amylopectin and RS3b (lllb) having a partially crystallized amylose netWdrkngeier et al.,

2005. It is measured chemically as thadtion, which resists both dispersion by boiling and
enzyme digestiorRS3 is of particular interest, because of its thermal stability. This allows it
to be stable in most normal cookingerations, and enables its use as an ingredient in a wide
variety of conventional foodsFood processing, which involsdieat and moisture, in most

11



cases destroys RS1 and RS2 but may form @88ntesZaragoza et al., 2010; Haralampu,
2000; Sajilata et al., 2006

RS4 (Figure 4d): RS4 describes a group of starches thatehlbeen chemically modified
(conversion, substitution, or creksking) and include starches which have been etherised,
esterified or crosbonded with chemicals in such a manner as to decrease their digestibility.
RS4 may be further subdivided into fowbsategories according to their solubility in water
and the experimental methods by which they can be analyhedevel of resistance depends

on the starch base and the modification reacfleuentesZaragoza et al., 2010; Nugent,
2005; Sajilata et al2009.

d Na )
- 0\1{% NaO_ g :
25tarch—OH + o Q. — N + NazH2P207
Iy — I
“:}’_ 0= P=0  gach— " o—Starch
Ma() O Ma
Tri meta phosphate salt  Distarch phosphate ester

Figure 4 Types of resistant starches: (a) RS1; (b) RS2; (c) RS3; (d) R&ajilata et al.,
2009

1.3 Health properties of resistant starches

Resistant starcbanbe categorised aspartof dietary fibre Like soluble fibrs, RSalso 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 vanyidely depending on the study design and differences in the source,

type and dose of resistant starch consumed

12



Table 1 Health properties of resistant starches(FuentesZaragoza et al., 2010ugent,
2009

Potential physiological effets Conditions where there may be a protective

effect
Control of glycaemic and insulinaemij Diabetes, impaired glucose and insy
responses responses, the metabolic syndrome
Colorectal cancer, ulcerative coliti
Improved bowel health inflammatory bowel disease, diverticulitis

constipation

Cardiovascular disease, lipid metabolism,

Improved blood lipid profile metabolic syndrome

Prebiotic and culture protagonist Colonic health

_Increased satiety and reduced ene Obesity

intake

Increased microntient absorption Enhanced mineral absorption, osteoporosis

Adjunct to oral rehydration therapies Treatment of cholera, chronic diarrhoea

Synergistic interactions with other dietg Improved metabolic cortl and enhanced bow
componentse.g. dietary fibres, proteing health
lipids

Thermogenesis Obesity, diabetes

Generally, it can be said thRIS acts largely through its large bowel bacterial fermentation
products(shortchain fatty acidsSCFA) 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 onsetatiosaand to lower

the glycemic responsé&he 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 cont@nientesZaragoza et al., 2010In the following,

the most important health propesiwill 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 intestitlieg in

the production of such fermentation products as carbon dioxide, methane, hydrogen, organic
acids €.g.lactic acid) and SCFA. SCFA produced include butyrate, acetate and propionate,
and it is thought that these SCFA in particular mediateeffects of RS, rather than RS
exerting a physical bulking effe@flugent, 200k As butyrate is the main energy substrate for
large intestinal epithelial cellgolonocytesind inhibits the malignant transformation of such
cellsin vitro by arresting on®f the phase of cell cycle (Glhis makes easily fermentable

RS fractions especially interesting in preventing colonic car@ignificant changes in fecal

13



pH and bulking as well agreater production of SCFA in the cecum of rats fed RS
preparations havieeen reportedA low (acid) pH in combination with high concentrations of
SCFA is thought to prevent the overgrowth of-péhsitive pathogenic bacteriem most
human studies, increased faecal excretion and/or faecal concentrations of SCFA were reported
following supplementation with RSN(gent, 2005; Sajilata et al., 2Q0@&Recently it was
shownthat RS doselependently suppressed the formationcofonic aberrant crypt foci
(precursor lesions of colorectencey only when it was present during the pration 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 wr@stion (FuentesZaragoza 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, adans&uén response

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

of hunger signalsTherefore, RSan help possibly in the treatment of obesity and in weight
managementGummings et al., 200lugent, 200k Next to the prevention of obesity, RS

can also play aprotective rolein coronary diseases, gastrointestinal disorders and

inflammatory bowel disease$yngland& Meyer, 2002.

1.3.3 RS as a prebioticagent

Since RS almost entirely passes the smalktitte, it can behave as a substrate for growth of
the probiotic microorganismdn vitro studies have shown th&S-supplemented dietnay
significantly increase populations of Lactobacill, Bifidobacterig Saphylococci and
Streptococcj decreasethe Enterobacteria population, and alteremicrobial enzyme

metabolism in the colo(Perera et al., 20)0

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 kpmetabolism have been obsenfemtal lipids, total cholesterol,

low density lipoproteins, high density lipoproteins, very low density lipoproteins,
triglycerideg. Some earlier studies in humans reported a beneficial effect of feeding RS on
fasting plasm triglyceride and cholesterol levels. However, some other studies indicate that

14



RS consumption does not affect the measures of total cholesterol in hFerges
Zaragoza et al., 2010; Nugent, 2005

For a balanced view of the effect on RS on hedliis,important tsmote 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. Overalhe benefits of RS consumpti@ne considered to outweigh

any gastrointestinal discomfderera et al., 20)0

1.4 Factors affecting the resistant starch content and the enzymatic
hydrolysis of starches

Several fact@influence the formation of RS, thesistance 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 studidsa(r 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 f¥iiterdi botanic

origin it was also observeddhmann & Robin, 2007hat 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 smalleargles can be attributed to the bigger
specific surface area which may increase the extent of enzyme bimédstgr(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 assa@tion of granules reduce the capacity for amylases to bind

to granule surfaces thus decreasing the specific surfaceSangah €t al., 2010; Tester et al.,

2006; Zhang & Oates, 1999



Surface of the starch granule

The surfacecharacteristicsof the stach 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 digestiddirfgh et al., 2010 Other starches such as potato and high
amylose starches & smoother surface and fewer pits or pores which can explain the
resistance of these starches to amylaselsnjann & Robin, 2007; Tester et al., 2R06

Crystallinity of starch and the molecular structure

The A, B and C patterns of starches differ in theking of the amylopectin double helices
thereby influencing their hydrolysid.i et al. (2008)stated that the Bype crystallites are

more resistant to amylase attack thatype. The longer chains form longer and more stable
helices and are more resistaowards enzymatic hydrolysisghmann & Robin, 2007; Singh

et al., 201). Themeier et al. (2005tated that the increasing amount efype crystallites is
proportional to the resistance. In case of C crystallites, the hydrolysis of amorphous region (B
pattern) began earlieShujun 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 heligesiravolved 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. Morep@&avenou et al. (2002)ighlightedthat 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.

Amyloseamylopectin ratio

A higher contat of amylose lowers the digestibility of starch dueptusitive correlation
between amylose content and formation of (8§jilata et al., 2006 The amylopectin is a

much larger molecule than amylose; therefore, it has a much larger surface area pdemolec
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 hydrolysiSiigh et al., 2010 The greater theantent of amylose is,

the more difficult the starch is tgelatinie (Ge | e n ¢ s)&nd, the InOr@ Susceptible to
retrogradation Topping et al., 2003 Additionally, thein vitro andin vivo digestibility of

high amylose starch containing products waselothan that of the control products without
these starchesG(e | e n ¢ s)®Ao, et a2 (200F observed that the chain length unit of

amylopectin showed correlation with the digestibility.
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Moreover, the chain lengththe degree of polymerization of amgto and amylopectin
molecules andhe branch density also have an impact on RS co(®enet al., 2007; Perera

et al., 201D. The rate of starch hydrolysis is controlled by mass transferirdieeiced by
molecular weight distribution, degree of polynzation, content of 1,6 branching bonds of

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

concentrationingh et al., 2010

Retrogradation of amylose

The rate and extent to which starch may retrograde gétatinistion 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 food$ajilata 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 gl a significant role during processing thereby affecting the
physicochemical characteristiobfoodsand the digestibility of starches.

Lipids

The most importanbhon-starchcomponentsassociated with starch granutey bethe lipids

(1-14 g/kgstarch). The lipids (usuallyfree fatty acids and phospholip)dsecomplexed with
amylosewhich makes the amylose chains much less readily accessible to the active site of
alphaamylase They can be usually found dime surface fothe granule thus reducing contact
between enzyme and substré@eihus et al., 2005; Tester et al., 20Bhe 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 hydrophaiolecules. The
enzymatic resistance of complexes increases with increasing amylose degree of

polymerization, lipid chain length and complexation temperatsiregh et al., 2010

Proteins

The surface proteins8(g or less g/kgstarch) may also limit theate of enzymatic hydrolysis
by blocking the adsorption sites and therefore influences enzyme bigingh (et al., 2010;
Tester et al., 2006 The pulse starches are lower digestible due to theirastten with
proteins which forma protective networlaround the granuleLéhmann & Robin, 2007

Additionally, the presence of food proteins may influence the rate of starch digestion. The

17



physical barrier created by the protein network (disulhidieed polymers) in cereals may
account for decreased glycaie response and reduced rate of digestiagilata 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 digegieoducts in the small
intestine Gingh et al., 2010 Other fibres (cellulose, lignin) have only minimal effects on RS
yields Sajilata et al., 2006

ons

Phosphorus naturally presents in starches as phosphate monoesters and phospholipids and
significartly affects the functional properties of starches. Phospholipids have a tendency to
form a complex with amylose and long branched chains of amylop&atigh( et al., 2010
Moreover, thephosphorylated starch is less susceptible by enzymestgr et al.2006.
Additionally, Escarpa et al. (1998howed 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 amylopectimscltaused by the

absorption of these ions.

Enzyme inhibitors and other components

A wide variety of food crops such aeat, rye, triticale and sorghum (not in rice, barley and
maize)contain amylase inhibitors which may inhibit the pancreapbaamylase §ingh et

al., 2010. Additionally, the high concentration of amtutrients and other components such as
phytic acid, lectins, polyphenols, sugars dmgirolysis products especially maltose and
maltotriosemay also play a role in starch digestigksi 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 heatreated before being eaten. A wide range of techniques is being used
by the food industry for processitige various food materials. The different processes cause
alterationsin food structureand also influence the nutritional characteristics of the food
(Singh et al., 2010 The rate ofenzymatic digestioms strongly influenced byhe different
processingtepsas well(Slaughter et al., 2001The amount of starches reaching the human
colon depends significantly on the nature of the diet and the ways in which food has been

processedMuir et al., 199% The type and extent of treatmerdan mainly affect the

18



digestibility of starch by influencingits gelatinigtion and retrogradationAQnison &
Topping, 1994; Sajilata et al., 2006The destructuringof the starch granules during
processings shown in Figure 5 and Figure 6. Figure 5 demonstrates theseffeshear stress

next to the effects of thermal treatment while the changes of the starch granules affected by
heat load only are depicted in FiguBeNamely, production of stardhased products often
comprises the combination of shear and thermalnressts. The shear stress (Figbyeauses

the macromolecular degradation of staeshd the disappearance of the granular structure
(Barron et al., 200lvan den Einde et al., 2004
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Figure 5 The effects of shear and heat on th&tarch granules Barron et al., 2001

During thermal processing, tlgganules undergstructural changesswell (Figure 6)

Granule
t
Amylopectin
Amylose
Disappearance of
polarization cross
Granule swelfing
STARCH
NATIVE PASTE STARCH
- 20°C .
GELATINIZATION GELATION AND

RETROGRADATION

Figure 6 The destructuring of starch granules during heat treatmentBornet et al., 1997

1¢



If the wate content is high enough, gelatinisation takes pl&tgaferis, 2009. The starch
gelatinisation process is more complex than a simple granular -twetisorder transition
(Ratnayake & Jackson, 2007Gelatinisation process initiates at low temperatunes
continues until the granules are completely disrupted (FigurAt@pwer temperatures the
water increases the mobility of star@sgecially amylose in the amorphous regioAbpve a
special temperature the starch polymers become more mdbdenteractions between
polymers decrease ordse and the starajranules break awayhe nature of these structural
changes depends on the original (native) structhbegmylose to amylopectin ratio and other
polymer characteristicaffected by thebotani@l source of a given starch and its growth
environmen{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 parthis process that results in the
formationof retrograded starc{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 sesgThe ratio of amylose to amylopectin, their chain
lengths and the presence of lipid influence the degree of retrogradation of starch from cereals
and pulsesGhung & Liu, 2009; Perera et al., 2010

The different techniques of food industry (cookingkimg, extrusion cooking, autoclaving,
and soon and sdorth) are known to influence the yield of RS in foo8sj(lata et al., 2006

In the following the effects of thmost importantechniques will be discussed, additionally,
the technologies invesaged in my PhD work will be shown moredetails.

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. Thetretitenents may cause an
enhancement of digestibility due to the loss of phytic acids, tannins and polyphenols which

normally inhibit the activity oalphaamylase $ingh et al., 2010

Cooking

Cooking under conditions of high moisture and temperaturesicgnificantly lower the RS

content by disrupting crystalline structur&éé | enc s ®r 20009; Roopa &
Sajilata et al., 2006 However, some resistarstarches show lower sensitivity to heat
treatments than other&Se | enc s ®r , 2 02ZD@); RSHisreported asheat stable
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starchin most normal cooking operationSgjilata et al., 2006 Rathayake & Jackson (2007
heated different stah samples (maize, wheat, higlmylose maize which is RS2) in water
fom35AC o ®5 A

Figure 7 The SEM pictures of maize (a and b), wheat (c and d) and high amylose maize
(e andf) starchesat35andt8 5 A C af t(Ramaydke & Xadksorg 2007

It was observed in contrast to maize and wheat starsbethé SEM pictures of starches in
Figure 7) thatthe high amylose maize starch did not undergo so intensive morphological
changes, it did not show granular swelling and only the 50 % of granules were dishupted.
can bepossible that high temperature treattsdestroyed less stable intermolecular bonds
while not affecting the second high stabilityi group of bondsThese data indicate that
cereals with high amylose content will be more resistant to gelatinisation during processing
than normal and high aropectin cereals. This phenomenon can be in agreement with the
paper ofSvihus et al. (2005\vho stated thastarch content increased substantialith the
consumption of heat moistuteeatedhigh amylose maize starch in the lower small intestine,

cecumand faeces of rats. Processing may increasarniwunt of amyloséipid complexes
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and thus may reduce digestibility of starch as it alaserved in severe processing conditions

as well.

RS3 starches seem to be stable in most normal cooking operatarsatpu, 200D
However, other authors showed that RS2 and RS3 starches can be sensitive to heat load and
cookingMui r et al ., 1 Y Alditionally, 8Moe&nSeils (RQ02statdddiathe

degree of crosBnking determines the heat sensitivilyR4.

Extrusion cooking

This process significantly increases thevitro digestibility of starches because starches lose
their structural integrity due to increased shearing and knead@mgyh( et al., 2010
However, as in case of cooking, the formatidramyloselipid complexation can prolong the

starch digestibility during enzymatic hydrolys&irfigh et al., 2010; Svihus et al., 2005

Baking

The gelatinisation of starch during baking is important in relation to the susceptibility of
starch to enzymatt breakdownProcessing conditions and ingredients may also influence the
formation of RS in breadDewettinck et al., 2008Kale et al., 200R Kale et al. (2002)
showed that the increments in both the baking time and temperature resulted in higher RS
content of breadLiljeberg et al. (1996and; k er ber g eteseradd that (hd |6nges )
baking time; however, the lower baking temperature can increase RS formation in breads.
However, it is also true that th@mylose, that is leaching out of starctarules during
gelatinisation could quickly retrograde in the first hours after bakikgrgs et al., 2009

which may cause lower digestibility of high amylose containing proditbsvever, he
conventional baking conditionsdically reducedhe RS conteh of the samples indicating
their heat sensitivityGe | e n c s)®ut the digéstibdlity of RS2 containing samples were

lower compared to the control produdis¢ wet t i nck et al .), 2008; Gel

Microwave irradiation

There is an increasing trertdward to usemicrowaveenergy in food processing treatment
because of the more effective way of heating compared to traditional mefatiygon &
Guraya, 200p Additionally, the microwaveirradiation is one of the techniques used to
modify starchesl@res & Perez, 200Q60r the parts of starch granuleshfngdong et al.,
2005. The modified starches can be beneficial for nutritional purposes in view of the
decreased digestibility as a result of the applied treatreriefson & Guraya, 2006The

changein 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 starcheSi(gh et al., 2010 The extent and the type of thkanges depend on

the variety of starctas well(Lewandowicz et al., 2000 Additionally, the susceptibility of
different starches to changes is influenced significantly by their amylose content
(Lewandowicz et al., 200Gand by their structureSgepes eél., 2005. In some studies the
microwave irradiation or microwave cooking improved the digestibility of tuber starches,
chickpeas and beans, kudzu and maize starc®adafa et al., 2006while Zhang et al.

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

Storage and frozen storage

However the RS content of stardtmsed products decreases caused by cooking, baking and
other heat treatments in several cases, the storage of these samples can increase RS3 level due
to retrogradationale et al., 2002; Ozturk et al., 200Altering the storage conditions
(temperature, time), the RS formation can be influenced, enhanced or limited.

The frozen storage which is usually performed at ab@ud A C may resul t i
formation compared to storage at refrigerator temperagaglgta et al., 2006 The baking

industry applies freezing and frozen storage in case of bread dwegbr full-baked breads.

The different techniques influend¢ke technological and nutritiah characteristics of bread
samples thus the RS content and formation as(Rebell & Santos, 2030

Ribotta et al. (2003)lescribed changes in both the structure and arrangement of amylose and
amylopectin during the frozen storage of bread doughslonger dough remains in frozen
conditions, the more pronounced the degree of starch retrogradagtom{lyo & Zhou,

2007). In case ofpre-baked breadst was observed that frozen storatjd not causehanges

in the digestibility Johansson et al., 198Hecerf et al., 2008 The frozen storage of full

baked breads can result in lowevivo glycaemic response healthy subjectsBurton et al.;

2008.

1.5 The applied methods in starch and resistant starch analysis

The morphological,structural, thermad, pasting, rheological propertiesand digestibility
characteristics of starches are enjoying increased attention due to the great applafability
starches in food industryfherefore, an overview will be given about the usually applied

methods in the ingtigations 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 stdyetanical orgin (Singh et al., 2007

There are several methods which can be used in the determinatotaofcal origin.The
chemical composition of starchesvsry similar; therefore, the methods investigating the
microscopic shape character of the granules@ead, such as scanning electron microscopy
(SEM), light microscopyand Xray scatteringl(i et al., 2010; Shamai et al., 2004Raman
spectroscopyand Fourier transform infrared spectroscopy-(R] arealso able to classify

starch sampleDupuy& Laureys, 2002; Sevenou et al., 2002

Differences ingranule morphologycan be detected using SEMiigh & Singh, 2001,
Lindeboom et al., 2004 lower angle laser light scatteringirfdeboom et al., 2004 light
microscopy §ingh et al., 2007and small angl&-ray scattering$hamai et al., 2004SEM

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 amagle X
scattering, the colloidaktructure of starches related to the crystalline structure can be

investigaed.

The swelling powerand solubility, which can provide evidence in assessing the extent of
interaction between starch chains within the amorphous and crystalline domainstafthe
granule, can be determined applying standard mettitaur et al., 200p Swelling power

has been reported to be influenced by amylose content, micellar network, and amylopectin
molecular structure. The difference in swelling power and solubiitybe attributed to the
difference in structure and genetic mapping of the starch grarulketsa]., 2010.

The knowledge of thenmolecular structurecan suggest applications for the starch in products

to improve their functional characteristidsor example, theratio 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 (NIRypectroscopyHertig et al., 2004
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Moreover, the spectroscopic techniqtiesmselvegan provide appropriate information about

the structural featuresof starche and theirstructural changesduring gelatinisation and
retrogradation.

The infrared (IR) spectroscopy can detect the staorge order in starch obtaining
information on the molecular bond vibrations (especiallp@nd G C bonds), yielding both
qualitatve and quantitative information, such as that on the amorphous and crystalline regions
of the starch granuleMjllan-Testa et al., 2005 It was also observed using i that the

high amylose maize and potato starches (RS2) exhibited a greater lexdgrefdostructure in

the external region than wheat, maize or waxy maize startthesay explain the high
resistance of potato arnigh amylose maize starchée amylase hydrolysis compared to
wheat, maize and waxy maif8evenou et al., 2002Conformatimal changesn starches

due to retrogradation during storage, can be monitored by analysis of the observed band
narrowing process and of the observed interdignges of conformationaknsiive bands in

the 1300800 cmi' region (Karim et al., 200Q Additionally, FT-IR could detect the
chemically modified RS4 (starch citrates) as wxle(et al., 200h

The neaiinfrared spectroscopy (NIRS) is used for the analysiarthbondsvibrationsand
damageThe most characteristic absorption regions fobahydrates are the bands1d75i

1595 nm, 20802130 nm, 22702290 nm and 230i2335 nm Ger gely & Sal g-
Osborne & Fearn, 1986; Williams, 200The absorption band around 1585 nm is attributed
to the first overtone of thei® stretching vibrationsndicating the quantity and strength of
the intermolecular hydrogen bon{fSsborne & Fearn, 1986Therefore, this region can be
applied for following up starch damag@gborne, 1996 The region of 208®130 nm ishe
combination of ®H bending and 0O stréching It is sensitive fothe presence of amylose
and amylopectin in native starcBér gel vy & ).Farthegmore, the 6térch content of
different samples can be predicted based on this re@ergély, 2005 The band of 220i
2290 nmis charactestic for starch due tothe combination of ©H stretching and

Ci C stretchingwvhile the region of 231335 nm isspecificdue to thecombinations of CH
bending and CH stretchingOsborne & Fearn, 1936

NIR is especially applicable to the study of cheahichangesnvolving the Q' H bond in
different states of hydrogen bondiigarim et al., 2000; Osborne, 199@\ccordingly, NIR
has been used for the study of both gelatinisation and retrograd@i@oaigRosas et al.,
2009; Osbhorne, 1996 It is also posible to study bread retrogradation and monitoring the

degree of cook in extrusion processes.



The conformationand crystallinitydependent vibrational frequencies of chemical barfds

the carbohydrates as well as the gelsaition and retrogradation press of starch gels can be
followed by Raman spectrosco@s 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 iripalality (Raman) which occurs

during the vibrationKarim et al., 200Q

Thermal propertyis 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 calorimetnyDSC) is the most common tecigue used for
detecting both first order (melting) and second order (glass) thermal transitions. DSC can
characterize starch modificationsigh amylose starches amgaxy maize starcheas well

(Singh et al., 2007 The different types of resistant starshghowed different behaviour
compared to native starchéSe | enc s ®r ).eMoreowdr,Haralarg@pd (280astated

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

Rheological propertie®f a materialreflects its structure. The changes during gelsgtion

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 sizdistribution, granule volume fraction, granule shape, gragrdaule
interaction (Sajilata et al.,, 2006; Singh et al., 2008tarch exhibits unique viscosity
behaviour with change of temperature, concentration and shear rate. This can be measured in
terms of rheological/pasting curves obtained with Brabengsoamylograplor rapid visco
analyser (RVA)However, RVA has several advantages over the viscoamylogikapim( et

al.,, 2000.Gel encs ®r @bservedlthat reitadtGtarengs did nottopete using the
standardRVA method. The chemical modification of starches results in a considerable change
in the rheological propertieSingh et al., 2007 Probably due to its chemical modification
(esterification with citric acid), RS4 citrate stagshcan not gelatiniseither (Xie & Liu;

2004. The viscosity parameters of the mixtures prepared by RS addition detrease
significantly with the amount of RS (diluting effectihe native starches can be differentiated
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by botanical origin using the RVAh¢ resistant starchelsowever, can not be describby

the origin in this methoGe |l encs)®r , 2009

Next to the RVA, lhe main techniques used for measunhgological propertiesare the
farinograph and a multifunctional new apparatus, th®lixolab. Dough rheological
measurements are often used to predict the behaviour of wheat dough during processing and
the quality of the final producthere are many different dietary fibre sources that can be used
to enhance the nutritional quality of bredwwever, tley will affect processing and final
product qualityIn case of addition of RS2 and RS3 (maize) starches( al., 2008; Ozturk

et al., 2009, the water absorptiondough development times, dough stabilities, dough
breakdown times, and farinograph qualiumbers for the R@heat flour blends decreased

as the RS proportion in the blends increaf@do i 20 %) However,SanzPenella et al.
(2010) found that flour substitution byRS3 (pea) starchup to 20 % allowed keeping
mechanical, extensional and viscamic parameters without significant hindering of dough
machinability. Additionally, Hung & Morita (2004)found that cros$inked cornstarch that
substituted for wheat flour (5 % 15 %) improved the resistance and extensibility of dough
against mixing ath 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 d&igbe itis a new instrument the
information related to its utilization on different aspects of flour quality is quite limited
(Kahraman et al., 2008It is used for the evaluation @bokie and cake baking qualitf
various wheatflours (Kahraman et al., 2008Dzturk et al., 2008 as well as for the
characterization of glutefiee flours potentially used in breadmakifg(bica et al., 2010 It

is also possible to assess the quality of different wheat genotifoése{ et al., 2000
Additionally, it is utilized to investigate the effects of hydrocolloi@osell et al., 2007on

the rheological properties of dougWloreover theaddition of different dietary fibresan be
followed upon dough behaviour using the Mixolab devig®sell et al., 201)) however, tle

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 ofthe starch digestibility an&S content offood ingredients and processed
foods has become vital to the provision of nutritional information to consumers and others
(Perera et al., 20)0There are severah vitro and in vivo methods in the analysis of

digestibility characteristics of starch@he digestibility of starch measuredvivois a time
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consuming,expensive process that requires many hum@@animal subjects withspecific
attributes. Since there is no humananimalsubject dependenam the measurement of

vitro starch digestion, investigation iof vitro digestibiity as a replacement for tlygycaemic
indicesis an increasinglyesearched topiona et al., 2010

In vitro methods for the analysis of RS in foods are based conceptually on the gastrointestinal
digestion of starch in food#n vitro methods can be vided into two groups; there are direct

and indirect method&nzyme hydrolysis is a common feature of all methods.R®i€ontent

can be calculated as the difference of total starch content and digestible starch content
(indirect methodsEnglyst et al.,1 9 8 7, Go T i). Usihg dimekct . methods9tBebnon
starch polysaccharides, other components and the digestible starch are eliminated and the
resistant starch can be analyzed by chemical hydrolysis or gravimetric isolion, (L986.
Differencesin 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 méhods 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 conditioRerera et al., 20)0Resistant stahes are
typically quantified as part of the total dietary fibre (TDF) conté&mig{yst et al., 1987 The
predominant assays for the regulatory determination of TDF are AOAC and AACC methods.
They are identicalBoth old (AOAC 985.29 and AACC 3@5) and ne (AOAC 991.43 and

AACC 32-07) methods in the first step extract lipid, digest carbohydrates and protein
enzymatically and arrive at the remaining sbgestible fibre content of sample
gravimetrically. The difference between the old and new methodghe ibuffer system and
washing solutions Haralampu, 2000 Englyst et al. (1992have proposed an analytical
method for rapidly digestible starch, slowly digestible staand resistant starcand their
method is used still nowMegazyme, 2004 The Megazme kit for RS determination is
widely used inseveralanalytical laboratories and is the basis of both AOAC method 2002.02
and AACC Method 3240. Othemodifications to thdenglyst et al. (1992nethod have been
proposed but the essence of the method €morve hydrolysable starch with enzymes)
remained unchange@Perera et al.,, 20)0Go | i et cautioned(aldo@t3hé possible
effect of sample preparation in RS protocols as drying, cooling and conditions of storage can
alter the level of RS in foodSomemodifications have been made to the sample preparation
step of RS determination with the intent of more closely simulatingivo digestion.

i ker ber g edndMul & ODed 91992)gmployed chewing of food samples to
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initiate hydrolysis by satary amylase. According to these authors, the number of times a
food sample is chewed hassignificant effect on the eresult(Perera et al., 20)0

It is reasonable to expettiat variations in analytical procedures, including differences in the
enzymea 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., 20)0

Despite the high charges and complicated procegthe extent ofn 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 metabdliZe| e n ¢ s ® One of2tlke0 9
possibilities to assay RS péiglogically 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'his 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 methaa¢htess) or short

chain fatty acids in the gut can also be used as a semi quantitative measuremend&gr RS (

et al., 1996 Sajilata et al, 2006 In summary, it can be said that many intrinsic and extrinsic
factors affect than vivo starch digestibility sch as transit time, gastrointestinal motility,
physical insusceptibility, amylase concentration, the presence of other components or the way

of preparation of foodXnnison & Topping, 1994; Dona et al., 2010

1.5.3 Relationships between structural, rheol ogical 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 selectitable grain varieties for health benefitShung 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 parameter8ianco et al., 2000; Lu et al., 2006

Recently, several reports have been carried out to search for correlations between the
structural characteristics of starshend their thermal (DSC) or rheological (RVA) properties.
The amylose contentCpllado 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.), 20@0
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phosphorus content in @b starchesKaur et al., 2009; Lu et al., 2011; Zaidul et al., 2007

the amylopectin chain length, or combined effects of these paramétmiggmasinghe et

al., 2009; Zaidul et al., 200Wwere highly correlated with DSC and RVA parameters.
However,there are only few pieces of information about the relationship between molecular
and crystalline structures and vitro starch nutritional fractiongRDS, SDS and RS) in
starches.Kim & Kwak (2009) reported that peak viscosity @futoclavedmaize starches
showed a negative correlation with their RS content. More@laing et al. (201Qresented

that RS content increased with increasing apparent amytontent, proportion of short
branch chain®f amylopectin, amylose leaching, onset temperature of gsktion, pasting
temperature, setback and final viscos®asting viscosity and breakdown had an opposite
effect on starch nutritional fractions.

Additionally, there isfew literature about the effects of starch pasting properties on starch
digestibility. Noda et al. (2008¥ytated thathe peak viscosity and breakdown reduced the
enzymatic digestibility in raypotatostarch and tended to decrease the enzymatic digestibility
in gelatinsed potato starch.Using several rice cultivar$ju et al. (2004yepoted that the
starch with the lowest peak viscosity obviously showed low enzymatic digestibility of
gelatinsed starchn contrast with the results dfoda et al (2008)Thus the contribution of

the starch pasting properties to enzymatic digestibility séather investigation.

The NIR spectroscopy can be ugeat 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 thestarches. In several studies NIR spectroscopy was
appropriate in the prediction amylose content of starchd=eftig et al., 200gand ofpasting

and thermalcharacteristics of starches and flours measured by RVA K 8sz et al
2007; Lu et al., 206) or by DSC Bao et al., 200)f Recently, the rate of starch digestion was
calibrated using NIR techniqu®ywens et al., 20Q0%nd the starch hydrolysis itself could
have been monitoredfanco et al., 2000; Chung & Arnold, 2000

1.6 The applicability o f 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 bersfdthe second the unique
functional properties, yielding high qutgl products not attainable otherwise with traditional
insoluble fibres FuentesZaragoza et al., 2010ue & Waring, 1998

Commercial resistant starches haesirable physicochemical properties such as swelling, gel
formation and watebinding capacitymaking it useful in a variety of food$he granulaRS
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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 capcity, make it a functional ingredient that provides good handling and provides
and improves texture in tHaal product FuentesZaragoza et al., 2010; Sajilata et al., 2006;
Yue & Waring, 1998

There are different commercial sources of iR$he market The first commercial RS (RS2)

was introduced as Hnaize 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 Gi#ttistar are highly retrograded
starches.The Fibersym products belong to RS4 starches and are chemically modified,
phosphateestherised produstSajilata et al., 2006

Based on the above mentioned facts, resistant starches can be applied inaay@ralducts

such as breakfast cereals, bakery products and mixtkoess( et al., 2009; SarRRenella et

al., 2010, cakes and cookiesgdguna et al., 20)1pastasGe |l encs ®r et al ., 20
al., 2006 and in some special applications as well,example in puddingAfes et al., 2009
yoghurt FuentesZaragoza et al., 20)0cheesamitation (Arimi et al., 2008 and ice cream
(Homayouni et al., 2008 The amount of RS usdd replace flour depends on the particular
starch being used, theppication, the desired fibre level, and, in some cases, the desired
structurefunctionclaims Gajilata et al., 2006

A panel rated 40% TDF RS loaf cakes as bestléour, grittiness moisture perception, and
tenderness 24 h after baking. Based on anuatiah 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 fibreentesZaragoza et al., 20)0
Baixauli et al. (2008%tudied the instrumental textuoharacteristics of muffins enriched with
resistant starch and noted that its addition produced a softer tetkieireamples were less
hard, elastic and cohesive, reflecting a more tender structure; these effects wereiageate e

at higher concentrations of resistant stailciiguna et al. (2011investigated biscuits with
added RSich ingredients (the level of substitution was 20 %, 40 % and 60 %) and fatnd th
the RSadditionincreased the breaking strength and crumbdirzesl reduced the resistance to
penetrationTheir resuts proved that resistant staribh ingredientshave good potential for
developing fibrerich biscuits without changing their general features up to 40% of
substitution level.

Moreover,RS can improg expansion in extruded cereals and snaREsmay also be used in

thickened, opaque health beverages in which insoluble fibre is déBimedtesZaragoza et
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al., 2010. Arimi et al. (2008)have successfullgubstitutednost or all of the fat in imitation
cheese with resistant starch without adversely affecting meltability or hardness and conferring
the wellestablished benefit of resistant starch asational fibre.

However, among the startfased products bread and pasta samples are consumed the most
widely. The two products however differ from the digestibility point of view. Namietgad

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 pr@desshy et al., 2008 while

pasta samples show lower digestibility probably due to the dense protein network which
limits the accessibility of starch to amylaskelogbler et al., 1999 Due to the high
consumption level of bread and pasta samples, several sighiesarried out to increase the
amount of resistant starches in these products and to decreagkycdiemic response in
human body after consuming such products.

RS enrichedread products providesliperior quality compared to traditional fibresriched
samplegYue & Waring, 1998 Additionally, bread containing 40% TDF RS had greater loaf
volume and better cell structure compared with traditional fibres telStexhiesZaragoza et

al., 2010. Ge | e n c s ®tated(thatltle @gmmercial resistantdtas 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 incorporatia of RS in pasta products imparts improved textural properties and health
benefits Premavalli et al., 2006G e | e n ¢ s ®howe( thal eflpur 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 priggerihe
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 starchepéecmlly 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 physicochemicabchcteristics of resistant starches compared to native
starches using near infrared spectroscaggynew method in RS analysis

2) to determine the effects of moisture heat treatment on resistant starch containing mixtures
applying a moneenzymatic thredwour long hydrolysis procedureand 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
spectrophotometsis also tested

4) to search for correlations between rheological and enzymafgstibility propertiesof
mixtures containingesistant and native starches

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

6) to analyze the effects of the alterations of different bagamglitiors on the digestibility of

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

technologies on the digestibility, phgal 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®& | e n ¢ s ®which(wa® éa®igd out on resistant
starches; two types of resistant starches were selected foudigsstRS2 and RS4 starches.
RS2 and RS4 starches showed lower digestibility compared to RS3 starches, even after heat
treatments Gel enc s ®rHj-maif@6D9(National Starch and Chemical GmbH,
Hamburg, Germany) was applied as RS2 while Fibe‘?smnor Fibersynf? RW (Loryma
GmbH, Zwingenberg, Germany) was used as RS4. The shased Himaizé& 260 has 60%
total dietary fibre according to the AOAC method 991.43. Fibe'?s'&ﬂnand FibersyﬁwRW
are chemically modified phosphate wheat starches; the former co@dfstotal dietary
fibre, the latter has 85% total dietary fibre according to the AOAC method 991.43.
Additionally, the properties and heat treatment behavioutwaf native starches: maize
(S4126) and wheat (S5127) starches (Sigma Aldrich Co., St. LM@s, USA) were

investigatecandcompare to RSs.

2.2 The investigations of resistant and native starches using near

infrared (NIR) spectroscopy

2.2.1 The investigated samples

Thenative starches (maize and wheat starches) amlaitié 260 as well a§ibersyn’? 70as

resistant starchesere 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 20%, 40%, 60% and 80% (w/w), respectively. Maize

starch was marked as M, wheat starch as WnHii ze E260 as H and Fibe
The number next to the two capitals means the ratio of the resistant starch in the mixtures, for
example MH40 notes 40% Hia i ze E260 and 60% native maize s

2.2.2 The NIR spectroscopy method

2.2.2.1Scanning of NIR spectra

The powdery starch samples were packed into the stasdardle cups (internal diameter is
55 mm; depth i40 mm) and they were stamped until no furtbempression 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, US#édiwith a rapid content analyser
(RCA) modulein reflectancemode (Figure8). Data were collected in every 2 nm using
Vision 3.20 SP5 software (Foss NIRSystems, Inc., Silver Spring, MD, @B8d\}tored as the
average of 32 scans for each samplaur spetra were recorded rotating the standard sample
cup to OA, 90A, sih8l@adsesand 270A position

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

2.2.2.2Processingand analysis ofNIR 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 methdébés NIRSystems, 20PQsed to normalize spectra &

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 followis, sgectrum is mean
centred then divided by its standard deviation. The usage of SNV was previously tested and
foundessentigH- ds8§gi et al ., 2010a

After the SNV, the spectra were treated using second derivation. The second derivative
calculation FossNIRSystems, 2000begins 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 segmems B andC, respectively). The second derivative \&alu
computed as 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 jpoithe
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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 thetGigoiske ratio

along the spectra (data not showin- d s § g,201@&t a l

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 ghal 8 certain functional
groups.

We analysed the whole spectra and the four most characteristic absorption bands for
carbohydratesGer gel v & Sal g- , 2005; Os bo) mmely& Fear
carbohydrate | (1573590 nm, the first overtone ddiH stretching), carbohydrate II
(2080 2130 nm, the combination of i® bending and QO stretching), carbohydrate Il
(2275 2290 nm, the combination ofi® stretching and OC stretching) and carbohydrate 1V
(2310 2335 nm, the combination ofi& bending andCi 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 ofdtaeches. 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 intkchigger 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 analysi§PCA) and applying Statistica 8.0 software (St@ft Inc, Tulsa, CA,

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

2.3 Measurement of t he 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

2.3.1.1The investigated samples

The native (maize and wheat starches) and resistant starchemai(zkﬁ 260 and
Fibersynpf 70) were measured as is and in their physical mixtures as well. In each case, the

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

was described in chapter 2.2lhe cooked samples were prepare
of a ample 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 usitigumus stirring at

100 AC.

2.3.1.2The in vitro enzymatic hydrolysis method

The enzymatic digestion was carried out according to the methdduofl or i ct et al
with some modifications detailed here: 0. 5(
240 N 0.01 g (concerning to dry materi al con
into the centrifuge tubes, and then 5 ml porcine pancreffizamylase(160 UrmL™, EC

3.2.1.1., Sigma Aldrich, Budapest, Hungappntaining 3U*mL™ amyloglucosidag in

phosphate buffer0(05 M sodium potassium phosphate buffai=6.9) wereadded to the

sampl es. Samples were incubated at -SPOI6,AC wi
Sun Valley, CA, USA); sampling was carried out after 30, 60, 90, 120, ananitB0The

amount of liberated glucose during digestion was measured using the eghmbesse

peroxi dase ( GOPOD, EC 1.1.3.4., EC 1.11. 1.
enzymatic kit. The test method was calibrated with the given standard glucogens@iis

mmokL™). Each sample was measured in triplicates aslilts were given as liberated

glucose (MgucosdTstarcy. The Kinetic curves were evaluated using the GraphPad Prism 4 for
Windows software (GraphPad Software, Inc, San Diego, USA, 2088)data were analysed
statistically by TFtestsfor independent samplessing Statistica 8.0 (StatSoft Inc, Tulsa, CA,

USA, 2007) and Microsoft Excel 2007 (Microsoft Corporation, Redmond, WA, USA)
Results from the tests werddeviaidni.Signifcanak leees me an
was p < 0.05.

2.3.2 The effects of microwave treatments on resistant and native starches

2.3.2.1The microwave irradiation of samples

Two samples 2 0. 0 NO . 1 edgamplés inopeh glassavesd@d mm in diameterhe
height of the starch layer was 5 mof the native (maize and wheat starches) and resistant
starches (H'maizé:: 260 and FibersyFnRW) were microwave (MWjtreated according to a
2"2 experimental desigithe two parts of the same sample were mixed regudtnO g from

each sampleMaize starch was marked as M, wheat starch as Wndliz e E26 0 as H ¢
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Fi ber symERW as whswarried out far B@faatoriomenlevel one) or 150 s
(factor one, level two) with a Samsung microwave oven (type MW87Y hS¢otea) under

300 (factor two, level one) or 600 W (factor two, level twad)microwavepower. Table2
contains the MW treatments in the increasing order ofhifpothetically transmittedW

energy. In the coding of samples the intensities from Tab&a be followed up, for example
OM26 denotes the maize starch treated with

Table 2 The microwave treatments according to the experimental degn in the
increasing order of thehypothetically 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

2.3.2.2The in vitro enzymatic hydrolysis method

The method was performed as desdil@bove (2.3.1.2) wittithe following differences:

0. 50 Nof the tatch samples was weighted into the centrifuge tubes, and then 5 ml
porcine pancreati@phaamylase (110 U*mt, EC 3.2.1.1., Sigma Aldrich, Budapest,
Hungary containing 3U*mL™ amyloglucosidask in phosphate buffer0(05 M sodium
potassium phosphate buffer, pH=6v8re addedo the samples.

The results of the enzymatic digestion were evaluated with the GraphPad Prism 4.03.354
software (GraphPad Software Inc., San Diego, USA, 2G08) Microsoft Excel 2007
(Microsoft Corporation, Redmond, WA, USAJ-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 werlet ai ned as means
deviation). The significance level was p < 0.05.

2.3.2.3The rapid visco analyser method

The viscogramsf the starchesvere recorded using a Rapid Visco Analyser R¥3A
(Newport Scientific Pty. Ltd, Warriewood, NSW, Atmia) 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 mPd3. Starch (3 g, adjustem 14% moisture basisind 25 ml water ere

measured and mixed in the aluminium sampl e
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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 shé&iguie 9.
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ed starch granules are

generally ir

granules are heated in water beyond a critex@perature, the granules absorb a large amount

of water and swell to many times their original size. Over a critical temperature range, the

starch granulesndergo an irreversible process knowrgakatinisation, which is marked by

crystalline meltingloss 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 tewell, 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 rapidase 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 furthém 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 othe paste. These combined processes that follow gelatinisation are
known as pasting.

Peak viscosityccurs at the equilibrium point between swelling and polymer leaching which
cause an increase in viscosity, and rupture and polymer alignment which dausecitease.

It is common to measure theeak temperatureand peak timethat 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 his@ilfurtherdisruptehe brannlésc al s
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 arrough

As the mixture $ subsequently cooled,-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 fmal viscosity This phase of

the pasting curve is commonly referred to assibackregion, and involves retrogradation,

or reordering of the starch molecules.

Values measured from the pasting profile were determined according tepfiieations
manual for the RVA (199) as follows(see Figuré):

(1) thepeak viscositymaximum paste viscosity achieved in stage 2, the heating stage of the
profile);

(2) trough (minimum paste viscosity achieved after holding at rieeximum temperature,
stage 3);

(3) final viscosity(the viscosity at the end of run);

(4) pasting temperaturgthe temperature at which starch granules begin to swell and
gelatinie due to water uptake and defined as an increase of 25 cP over a period of 20 s);

(5) peak timgthe time at which peak visctgiwas recorded);

(6) breakdown(difference between peak viscosity and trough); and

(7) setbackdifference between final viscosity and trough).
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The RVA parameters were analysst@tistically by TFtestsfor independent samplassing
Statistica 8.0 (St&oft Inc, Tulsa, CA, USA, 2007)additionally, the analysis of 22
experimental design were performegbplying Statistica 8.0and Microsoft Excel 2007
(Microsoft Corporation, Redmond, WA, USAgesultsfrom the tests were obtained as means

N SD ( deviatiorg.gignificance level was p < 0.05.

2.3.2.4The NIR spectroscopy method using two different NIR spectrophotometers

Scanning of NIR spectra

Two different instruments (dispersive NIR and Foutransform NIR) were used to collect

the spectra ofiie starches placed in standard sample cups (internal dia&femm; 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
6500monochromator system (Fos8RSystems, Inc., Silver Spring, MD, USA) fitted with a
sample transport module (STM) in reflectance mode (FigjOreData were collected in every

2 nm using Vision 3.20 SP5 software (Foss NIRSystems, Inc., Silver Spring, Mb); BS

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 (Perkinlier, Inc., Waltham, MA, USA) fitted with a near infrared reflectance
accessory (Figur&l). 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 EImer Spectrum 400 with
NIRA module

The spectravere stored as the average of 32 scans for each sample. Four spectra were
recorded from one sampl e r othat iln80 A haen ds t 2a7n0dia

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 sesgreewit

both spectrometers was 10 nm for keeping the sigoigke ratio along the spectra (data not
shown).

We analysed the most characteristic peak of water absorption -{B300 nm, the
combination of ®H stretching and CH deformation and the most chacteristic absorption

bands for carbohydrate&e r gel vy & Sal g-, 2 0,hdanelyddrbahy@tgi et
I (20801 2130 nm, the combination ofi® bending and 0O stretching) and carbohydrate Il

(2270 2290 nm, the combination ofi® stretching andi C stretching) regions.

2.4 The method of correlation between enzymatic and rheological
results

The results of thehreehour long(detailed in3.2.1 and 3.2.2) and a previously published
sixteenrhour longenzymatic digestion (published liye | e n c |5, B00&) ast wellas the

results of an RVA method of these samples (publishe®&leyl e nc s ®r aenere al . |
correlated with each other using Statistica 8.0 (StatSoft Inc, Tulsa, CA, USA, 2007) software.
Pear sonos cor r elrawereo calclacd ddtweenc paasn of s meagured
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 investig ated samples

Firstly, the effects of the addition of RS2 {(kid z e E2 6 0) wer e det er mi
rheological properties of commercial bread fkaised (BE55; 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%¢d &5% (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 (Bable

Table 3 Notation and composition of the samples

T. durum pastaflour-based | T. aestivum pasta flour-based
Bread flour-based samples
samples samples
Name Flour% RS% gluten% | Name Flour% RS% Name Flour% RS%  EP (%)
B D A

control 100 0 0 control 100 0 control 97.9 0 21
B 5% D 5% A 5%

R 94.35 5 0.65 RS 95 5 RS 92.9 5 2.1
B 10% D 10% A 10%

RS 88.70 10 1.30 RS 90 10 RS 87.9 10 2.1
B 15% D 15% A 15%

R 83.05 15 1.95 R 85 15 R 82.9 15 2.1
B 20% D 20% A 20%

R 77.40 20 2.60 R 80 20 R 77.9 20 2.1
B 25% D 25% A 25%

R 7175 25 3.25 RS 75 25 RS 72.9 25 2.1

Similarly to the bread mixtures, thEriticum (T.) durumpastaflour (TD-50; ash content,

0. 50 %,; moi sture content, 14. 2 %,;T. a€s8vunpasta a , Sz«
flour (TL-80; ash content, 8.0 %; moi sture content, 14. 6 %; Ce
Hungary) were replaced by 5%, 10%, 15%, 20%, and 25% (w/w) resistant §takté 3.

Additionally, theT. aestivumpastaflour-based samples contained whole egg powder (EP)
additive (Cerbona,5®k esf eh ®r v 8r , H WCodpraAligentariassHungiguicus i f i e «
(2006)

2.5.2 The Mixolab method

The MixolabE system (Chopin, Tripette et Re
measures in real time the torque (expressed in Nm) produced bggpaef the dough
between the two kneading arms which allows the study of mixing and pasting behavior of the

wheat flour dough (Figur&?).
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For the assays, the calculated amount of each sample was placed into the Mixolab bowl and
mixed. The amount of addeddat er was determined to produce
during the mixing of the dough.

2 l 100
1 Q0
L8 Dough 5

1.6 1 Temperature

1.4 4 Block
Temperature

1.2 1 1

Torque (Nm)

0.8 1

Temperature ("C}

(1.6
0.4 1

0.2 1

T T
0 5 ] 15 20 25 a0 35 40 45
Time {min)

Figure 12 Typical curve obtained in the Mixolab showing C1, C2, C3, C4 and C5
regarding maximum dough torque, protein weakening, starch eglatinisation, 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 Chpin+ protocol can be seen in Tabde 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 75.09
Tank emperature 30.0
Temperature 1st plateau 30.0
Duration 1st plateau 8.0 min

Temperature 2nd plateau 90. 0
Temperature gradient (15.0mit 4 . 0 A

Duration 2nd plateau 7.0 min

Temperature gradient (10.0mit 4 . 0 A
Temperature 3rd plataa 50.0
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

ti me at 30 AC and gi ves lkeéexgedments carried autrwitheat i o n

44



farinogaph. The second one, after a shorter (8 min) mixing step, involves a heathigg
cycle and gives similar information (complete curve) on dough behéikerexperiments

carried out with RVA or amylograph.

The characteristic parameters ariéng et B, 2010;Rosell et al., 2007the percentage of

water( %) required for the dough tooghpgdevadlognente a t
time( mi n) or the time t o r e astallity{mmnpeortheaekpsedu m t o
time at which the torquerpduced is kept at 1.1 Nnmechanical weakening\Nm) or the

torque difference between theaximum torqua t 3 Q1) @Cthe(torque at the end of the

hol di ng t inmimenunatorqugNim, GR)Qr the minimum value of torque produced

by dough passagehile being subjected to mechanicahd thermal constraintghermal
weakening Nm) or the difference between the torgqg
and the minimum torquggeak torqugNm, C3) or the maximum torque produced during the
heatingstage;cooking stability(Nm), which is calculated as the ratio of the torque after the

hol di ng t i @& andthe ndmurA ©rque during the heating period);(and
setback(Nm, C5-C4), which is defined as the difference between the torque prddafoer

cool i ng Ca)tand3hé tordue after the heating periGd)( 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 deteaineg, andd, which correspond to

the arc tangent of the four curve angles and defined as protein breakdtasch
gelatinisation, starch breakdowrmndstarch recrystallizatiorate, respectively.

Each experiment was carried out by duplicates and éhesponding standard deviations

were calculated (meam$é $ The Mixolab parameters were analysed statistically lgsts

for independent samplessing Statistica 8.0 (StatSoft Inc, Tulsa, CA, USA, 20@&fd

Microsoft Excel 2007 (Microsoft CorporatioRedmond, WA, USA)Significance level was

p < 0.05.



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 comanrbread flour (BE8O, ash content 0.80%,
Sz®kesfeh®rvE&ri Mills, -maizd"R80rand Fibersy®BW)s t a n t
yeast (Budafok baking yeast, Budapest, Hungary) and water. Resistant starch ingredients were
incorporated into recipes by reging wheat flour at 20% (w/w) level. The lack of gluten
caused by the RS addition (in all Rrichedproducts) was compensated by adding the
proper amount of wheat gluten (Sigma Aldrich, Budapest, Hungary) into the bread dough.
According to the supplighe 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 intee¢hges Control bread

without resistant starch addition was also made. The bread d@sghepared 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 réise ofater necessary for the
doughwere added to the wheat flour or to the mixture of wheat flouarRiSgluten.

All ingredients were mixed and formed into the shape of a bread roll. According to the 373
experimental desigwhere the factors were the added starch typeyé#ightof the bread roll,

and the temperature of the bakinie toread roll produst(control, 20% Himaizé"“260 or

20% FibersymRW containing products) were prepared in three differesights (55 g,

130g, 2059 ) . The bread rolls were proofed at 37
at three different ACempdoNatACnes thk8bakCng21l
the temperature (55 min, 25 min, 15 min). All bread rolls vedeedtwice (in two blocks).

After baking the products were cooled down to room temperature and the enzymatic

digestibility was measured on thexheay.

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
Tudorict wtthl somedomaygi fications detailed he
material content) of bread rolls was weighted into the centrifuge tubes, then 40 ml phosphate
buffer (0.05 M sodium potassium phosphate buffer, pHF@&S well 8 5 ml porcine
pancreaticalphaamylase (160 U*ml}, EC 3.2.1.1., Sigma Aldrich, Budapest, Hungary
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containing 3U*mL™ amyloglucosidage were added to the samples. Before enzymatic
digestion the bread samples (mainly crumb) were cut into small pietesn{) to be able to

get mixed in the enzyme solution.

The amount of liberated glucose (fgsd9sampid Was measured. Each sample was evaluated

in quadruplicates (in two blockg nd results were expressed a
deviation). The results b enzymatic digestion were evaluated with the GraphPad Prism
4.03.354 software (GraphPad Software, Inc., San Diego, USA, 20@BMicrosoft Excel

2007 (Microsoft Corporation, Redmond, WA, USA&Rctorial analysis of variance (ANOVA)

followed by T-test forindependent 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 flow5@lash content 0.55%,
Gyermely Mills, Hungary), resistant starch {iaizé"“'260), yeast, salt and water. The lack

of protein caused by the RS addition was compensated bygatiadi 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 abowhgpter2. 6. 1) . The bread rolls (75 g)

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 doughthen fultbaked were mae as follows: the raw dough

(without proofing) was frozen until the core temperature reacheé®d AC. Then, it w
(20 min at room temperature), proofed (75 g
min. The fultbaking of samples (PBFB prebaed then fulbaked was carried out in two

steps; firstly the bread rolls were gtea k e d a't 175 AC for 16 min;
baked at 230 A C(= prebakedtiferfroménthen fuRtked®Emples were
prepared as follows: after ppea ki ng (175 AC, 16 min) the bre
core temperature reacheti 8 A C. Then, they were thawed (
according taRosell & Santos, 20)Gndfultb ak ed at 230 AC f(epre 10 mi r
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baked then frozerhéen fultbaked then frozensamples 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 kdayoperiod

do not affect the digestibility significantly.

2.7.3 The in vitro enzymatic digestion of bread rolls

The procedure described in 2.3..was usedvi t h some modi ficati on.
bread products (concerning to dry matter content) were weightedhatcentrifuge tubes.

The baked bread samples (mainly crumb) were cut into small pietes) to be able to get
mixed in the enzyme solution. Then 35 ml buffét05 M sodium potassium phosphate
buffer, pH=6.9)and 10 ml porcine pancreatalphaamylase (110 U*mL*, EC 3.2.1.1.,
Sigma Aldrich, Budapest, Hungargontaining 3U*mL™ amyloglucosidagewere given to

the baked bread rolls.

The amount of liberated glucose (fghsé9sampid Was measured. Each sample was evaluated

in duplicatesand resultsver e expressed as meanSheKnet8D (st
curves were evaluated using the GraphPad Prism 4 for Windows software (GraphPad
Software, Inc, San Diego, USA, 200&8hd Microsoft Excel 2007 (Microsoft Corporation,
Redmond, WA, USA)The datawere analysed statistically by-t€sts usingStatistica 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 tempetat the weight of the products was measured using a
simple scale whilehte volume of bread rolls was determined by seed displacement method
(Hungarian standard, 205011%82. The volume was determined as the difference of the
volume of mustard seed reqeidr 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 tdHtmgarian standard
(20501/282, 1982)with some modifications15 independent tasters were asked to evaluate
the crust, crumb, smell and taste on-point scaleln 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 atlases. The crumb has to be typical for the product, uniformly smooth,
not sticky and dense and should not contain any strange matersatell The crust has to be

typical for the product, uniformly smooth, glossy and the colour might be from goldew yel
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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-ti#fvour taste). The productsie be ranged based

on the weighted total score (0.61score of st

0.4Tscore of smell + 1.0Ischre of taste) int

Table 5 Bread quality categories according tole weighted total score

17.620.0 excellent
15.217.5 good

13.215.1 moderate
11.213.1 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 literatures@rview, there are different methods which are commonly
used in RS analysis. Next to the digestibility noelt, the investigations of thfeeological,
thermal Ge | e n c s ®r a) and phgsichochentc@l pr8perties can be highly informative
for the foodindustry. The physicochemical and chemical characteristics of starches can be
analysed using near infrared spectroscopyaswetl ( gel v & Sal g- , 2005;
1977; Osborne & Fearn, 1986However, the spectra of resistant starches have not been
aralysed 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 wheabr maizebased model systemis,was aimed to determine the eftscof

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 carboh ydrate | region

The carbohydrate | region (1578690 nm, the band of the first overtone afHDstretching)

is characteristic for starch due to th&HDstretching vibrations indicating the quantity and
strength of the intermolecular hydrogen bordskorne& Fearn, 198k

Figurel3 shows the carbohydrate | 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. Thet&ah has the highest intensity value of the
negative peak-0.0209) while W starch has the lowest or®@(228) compared to the other
samples. It means that RS4 (F starch) has the lmwasentration of intermolecular hydrogen
bonds, possibly followingrém its structure due to the presence of the phoedpsier bands
(Sajilata et al., 2006; Sang & Seib, 2D0Mamely, the ester bonds produced by climdgsng
reactions reduce the mobility of amorphous chains in starch granules as a result of the
intermolecular bridgesGhung et al., 2004

The wheat (W) starch has more intermoleculaH@roups than maize (M) starcf0(0221)
probably according to theatio andstructural differences of their amylose and amylopectin
molecules Jane, 2009, Shelton & Le@000; Tester et al., 20p4The mean degree of

polymerization of amylose molecules is much higher in W starch than in M <tianh,
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2009; Shelton & Lee., 2000; Tester et al., 2004d the amylose molecules have the potential

to aggregatéTester et e].2009 with hydrogen bonds.
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Figure 13 The carbohydrate | 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
) =====60% RS and 40% native starch == **.= 80% RS and 20%
.= 100 % resistant starch (Himai zeE260 or Fi bersymE70)

native starch,

Moreover, the quantity and strength of these intermolecular hydrogen bonds in the two
resistant starches are also different, tigh amylose RS2 (H starch(.0225; Figurel3)
contains more of these bonds, probably becausednghose starches form double helices
and the amylose molecules can aggregate as it was observed in a previoubestig\e( al.,
20049).

However, the stoichiometric addition of resistant starches did not cause any significant

tendencies in this regiorf MH (Figure 13a), WH series (Figuré3b) and MF series (Figure
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130. In case of F starch, the medium is determining because in WF series (BBdutee
effects of RS4 addition can be observed in great extent.

3.1.2 The analysis of the carbohydrate Il re gion

The carbohydrate 1l region (2080130 nm, the band of the combination afHDbending and
Ci O stretching) represents a notably variable band, as it is illustrafeguire 14
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Figure 14 The carbohydrate Il 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
) == ===60% RS and 40% native starch == ** = 80% RS and 20%
.= 100 % resistant starch (Himai ze E260 or Fi bersymE70)

native starch,

When investigating the spectra of native and resistant sigrittcould be observed that the H
starch (high amylose RS2) has only one peak in this region (Figarand14b) while the M
(Figurel4a andl4c) and the W (Figur&é4b and14d) starches as well as F starch (Figide
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and 14d) have two peaks between PD8130 nm. These results are in agreement with the
observation olGer gel v & 3Svhol stated that2tiie Girst)peak (around 2096 nm) is
determining in the presence of amylose while the second peak (around 2120 nm) belongs to
amylopectin.

The decreasingmylopectin concentration of the samples can be followed up in the spectra of
the MH (Figurel4a) and WH series (Figurkdb) 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 (Figurd4a), the effects of the addition of H starcan 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 paakbe observed by comparing W
and H starches in WH samples (Figaiib). The effects of the addition of the characteristic H
starch can be better followed up in mamsed mixtures (Figurgéda) than in wheabased

ones (Figureldb) indicating that the edium is also a determining factor in this wavelength
region. The differences between M (Figa#a) and W (Figurd.4b) starches can derive from
differences in their amylose and amylopectin molecules; from the different degree of
polymerization of amylosenolecules(Jane, 2009; Shelton & Lee, 2000; Tester et al., 004
and of amylopectin moleculedgne, 2009; Tester et al., 200%he degree of polymerization

of amylopectin molecules is higher in Mester et al., 20Q4than in W starci{Jane, 200p
indicaing the more characteristic amylopectin peak of maize.

In case of MF mixtures (Figurkic), M (-0.0428) and F starche€)(0408) differ significantly

from each othebased onthe intensity differences at 2120 nm (amylopectin peak). The
addition of F startc caused a linear increase in the intensity values at this peak. In case of WF
series (Figurd.4d), the values of the amylose peak minimums of the samples around 2096 nm
differ significantly from each other by increasing the RS concentration except th® WF6
(-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 (Figufiglc and14d) that it has less intense gimpectin peak than M and W
starches have probably due to the reduced mobility of amorphous chains of pastsho
bounded starchQhung 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 Il region

In the carbohydrate Il region (2275290 nm, the combination ofi® stretching and CC
stretching) the local minimum of H starch shows a characteristic wavelength shift comparing
to F starch and native starches (FigLise
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Figure 15 The carbohydrate Il 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 weat starch) —=-- = 20% RS and 80% native starch
) =====60% RS and 40% native starch == ** = 80% RS and 20%
=100 % resistant starch (Hima i zeE260 or70)Fi ber sy mE

native starch,

This shift caused a change in the spectra of mixtures (Figire@nd15b) 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 om#gium and is similar to at 2096
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nm (amylosepeak) observed phenomenonmiears that the effect of the different amylese
amylopectin ratio is characteristic in this region.

The minimum intensity values of the peak change linearly and significantly wigh t
composition in case of MH (FigurEsa), WH (Figurelsb) and MF mixtures (Figuré&5c);
however, in MF mixtures the position of the minimum remained the same. In MF mixtures,
only dilution effect can be determined by adding RB4starch)owing to lower nmimum

value of native M4{0.2229) than resistant F starcf.2066).

It is interesting that the WF (Figurg&5d) samples do not show great variability, the
phosphorylated structure of F star@eip & Woo, 1997; Woo et al., 20p8oes not differ
notably fom 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 (23012335 nm) is characteristic for starch due to the
combinations of CH bending and CH stretching Osborne & Fearn, 1986@vhich are the
vibrations of the molecular architecture. This region is depicted in Figure

In MH (Figure 16a) and WH (Figureleb) series the H starch is significantly different from

the native starches. The H star¢h.0763) has the highest intensity value indicating the
lowest G H vibrations probably due to ithigh amylose content Additionally, the
stoichiometric effects of H starch addition can be well followed up investigating the intensity
values. These resulése in harmony witlirertig et al. (2004yvho presented that this region is
sensitive for the changes of amylose content.

In case of MF (Figurd6c) and WF (Figurel6d) series, the addition of F starch cannot be
detected; however, F starck0.0883) diffes 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 Figul6éc and16d probably due to the similar architecture vibrations.
Namely, this region is sensitive for the vibrations of the molecular architg€sitsorne &
Fearn, 198p%

Additionally, this region relies on weaker spectral signals due to the loweyyahan it was

in the previously investigated regions. The reduced mobility of F starch caused by the
phosphediester bounds does not seemirtiuencethe architecture vibrations appreciably
related to native starches. It is interesting that H starcleng eharacteristic 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 sies.
—— = 100% native starch (maize or wheat starch ===- = 20% RS and 80% native starch
) =====60% RS and 40% native starch == ** = 80% RS and 20%
=100 % resistant starch (Himai zeE260 or FibersymE70)

native starch,

After peak assignments the whole spectra were analysed using-comfibnent
datareduction 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.
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The effects of the stoichiometric addition of H starch can be virséwed along the PC1

component (Figure7a and Zb) 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 beethdhy the different physicochemical

structure, mainly by the different amyleamylopectin ratio Jane, 2000 The effects of

different amyloseamylopectin ratio on PCA values can be confirmed by analysing the

loading spectra of PC1 (Figur8)1l

In MH andWH series (Figure 8a), one of the most intensive peak is around 2278 nm which

is in the region of the combination ofi B stretchingand G C stretching (carbohydrate IlI
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st
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region). In thisregion the increasing amylose concentration caused a wavelengtim shé
minimum values of the spectra (see in FigLiée
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Figure 18 Loading spectra of PC1 components of MHWH , MF and WF series
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Investigating the F containing samples (Figuite And Td), it can be observed that the
distinction of F starch is dependent on thedmm; however, the F starch differs significantly
from the native starches. In case of MF series (Figucg 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 basedn 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 cause<fiung et al., 2004and from the different botanical origidane, 209). The
characteristic; however, less intense loading spectrum of PC1 than in case of the H containing
series is remarkable around 2282 nm (Figusk).1The loading spectrum of PC2 was also
characteristic at 2284 nm, additionally at 1412 and 1434 nm lagdat not shown). Around

these wavelengths the botanical origin could have affected significant differences in the
spectra of MF series (see FigutB). The absorption bands around 1412 and 1434 nm are
characteristic for the first overtone ofi B strething 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 differeri€esng et al., 2004 It

can be tated that the phosphorlyation proddcester bonds did not absorb intensively in the
NIR region as it was observed fyygesen et al. (200ih case of potato samples. They
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showed a NIRbased prediction of phosphate content of potato starch; howevemabes
relied on weak spectral signals. The loadisgectrum of PC1l of WF series is not

characteristic in the investigated carbohydrate regions (Fi@re 1

The PCA analysis of the spectra summariaed confirmsthe findings that were observed
investigaing 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 ®a shows the PCA results of the mathematically treated parallel NIR
spectra of all samples using the whole wavelength range.
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It illustrates thanter- and intraseries variability of the samples. The insexies variability of

H containing series shows similar results as it was observed in Figa@nd ¥b; however,

the intraseries variability of MF and WFamples was not so remarkable compared to the
Figure I’c and Td 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 alorfgetPC1 components in both mixtures as it was proved in
Figurel5a andl5b. Each sample in the WH series can be distinguished from each other along
the PC2 component as well.

Figure Bb and Figure 9c demonstrate the loading spectra of PC1 of all samples; 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 (Figur8al, one of the most inten& peaks is around 2278 nm
where the differences of amyleaenylopectin region can be well followed up. In case of the
loading spectrum of PC2 (Figurdd), the first overtone of H stretching vibrations (at

1406 and 1434 nm; commonly found in glucosdg)rare the most intensive

Concluding the results, it can be stated that the characteristic absorption bands were sensitive
in different extent. The carbohydrate | region, which describes the quantity and strength of
intermolecular changes, can signifitig differentiate each starch in the order of F, M, H and

W starches; however, the effects of RS addition cannot be observed.

According toour results, it waprovedthat the changes of the amylem@ylopectin ratio can

be sensitively followed up in carbgdrate Il region. Th&S4 sample that contaipsiosphe

ester bondsis not so characteristic probably due ttte reduced mobility of amorphous
chains; however, the RS4 addition can be detected.

It was also shown that the carbohydrate Il region is seadir the differences of amylose
amylopectin ratio as well. The addition of wheatsed RS4 can bsell observedonly in
maizebased mixtures due to the different botanical origin.

The vibrations of the molecular architecture (carbohydrate 1V) diffecase 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 serntsvely followed up independelyt from the medium. The RS4 containing mixtures

do notshow high variability;thus RS4 addition cannot be detected. The loading spectra of

PC1 attribute great significance to the carbohydrate Il region.
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In summary, it can & stated thatboth resistant starches were characteristie HF
mai zeE260 resistant starch due to its high
its phosphorylated structure; however, this property relied on weaker spectral signals. The
differences of amylos@mylopectin ratio can be observed in the regib2275 2290nm 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 w
examined before and after moisture heat treatment using ahthmedong moneenzymatic
method. It was tested whether uncooked or cooked resistant starches are unavailable to
amylolytic attack in the threkour period. In food applications, native amgistant 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 provideaible 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 thee treatments on RSs is limited. The microwave treatments were performed
accordingto a 2”2 experimentadesign where the power and the time of microwave oven
were selected as usually applied in household for heating. Additionally, our research may
have geat importance because the microwave energy can be used for the modification of
starches, for the alteration of the functiorladres & Perez, 20Q6and digestibility properties
(Anderson & Guraya, 2006

The concentrations of the liberated glucose weprasented in the function of the time of
digestion, and firsbrder kinetic curves were fitted to the measured points accordi@gtd i
et al. (1997) The nonlinear equation used for the evaluations was the following

Y= Ymax(1-€' € 1)
where Y (MGyucoséOstarcy) iS the concentration attime (min), Ymax (MGgiucosdstarcy 1S the
equilibrium concentrationk (1/min) is the rate constant ardis the sampling time. A
comprehensive parameter for the digestibility was also calculated as there¢atander curve
(AUC, (MQyiucosdGstarcn*min) relating to glucose release owee whole test period (180 min;
Ge |l e n c s)®Mhe sar@pling points of the measuremerib, (Yso, Yoo, Y120, Y180 can be
also good indices to compare the results. Thienssasurement pointr{sg) was used as the
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indicator of the final glucose concentration beca¥gg was not a representative parameter

H- ds8gi

3.2.1 Results of the in vitro digestion of untreated resistant

starches

The enzymat digestibility curves of the different untreated samples can be seen in Eiyure

e)t al .,

20100D

and native

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
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The degradability of the M and H starches and their mixtures aikasias it is shown in

Table6a. Figure20a also confirms the similar enzymatic accessibility to the starches; it can
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be seen that the digestibility curves of the Migties run particularly cloge each other. The

results of the similar digestibility ahaize starch to H starch can be consistent lithng 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 991.3. Additionally, Seal et al. (20033tated that normal maize starch caused lower
glycemic responses in health subjects. Moreover, native maize starch granules are considered

to be resistant to amylase hydrolysiegter et al., 2006

Table 6 Typical kinetic parameters of the untreated native and resistant starch mixtures

(a) MH seriesi untreated samples
Sample AUC (mg/g)*min Y180 (mg/qQ) k (1/min)
M (native) 2275.4N9:19.16N0. :0.0126N0.
MH20 2203.2N1¢19.27aN0. :0.0109N0
MH40 2236. 1N1¢(19. 90RN0.(0.0102N0.
MH60 2254.2N1'19.83N0.:0.0110N0.
MH80 2297.6NK3¢(20.21NR0.:0.0107NO.
H (RS2) 2310.3N1°18.90RN0.(0.0143N0.
(b) WH series untreated samples
Sample AUC (mg/g)*min Y180 (mg/qQ) k (1/min)
W (native) 2510.9NK9:19. 97N0. :0.0173NO.
WH20 2430.0RN3(21. 70N0.(0.0107N0O.
WH40 2428. 7N3(21.42N0.:0.0111NKN0.
WH60 2427.7N2(21.41N0.:0.0117N0.
WHS80 2392.4N1'20.72N0.:0 0122N0.
H (RS2) 2310.3N1°18.90RN0.(0.0143N0.
(c) MF series untreated samples
Sample AUC (mg/g)*min Y180 (mg/g) k (1/min)
M (native) 2275.4N9:19.16N0. :0.0126NO0.
MF20 2196.6N3:20.29N0.(0.0083NO.
MF40 226858N 20.27N0.:0.0095N0.
MF60 2220.0RKR1¢20.15N0.:0. 0087NO.
MF80 2005.5N4¢20.07RN0.:0.00044N0.
F (RS4) 1717.5N4(17.16N0. (0. 0043N0O0.
(d) WEF seried untreated samples
Sample AUC (mg/g)*min Y180 (mg/qg) k (1/min)
W (native) 2510.9N9:19. 97N0. :0.0173N0O.
WF20 2551.0N2¢21.34N0.(0.0147N0.
WF40 2486. 4N2:20.94N0.:0. 0134N0.
WF60 2443.2N3:21.05RNR0.:0.0122N0
WF80 2296.5N1°19. 73N0.:0.0102N0.
F (RS4) 17178 40. 4¢17. 16N0. (0. 0043 NO.
Val ues represent means of triplicates N SD. Wit hin

not significantly different (p < 0.05).

Investigating wheat starch (W), maikased RS2 (H), and their mixtur€gable ®); no
significant tendencies can bauhdin the digestibility parameters by increasing the amount of

RS2 in the samples. Additionally, Figu2éb shows that the characteristics of the curves are
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similar; however, the curve of the H starch ismmg 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 ghang et al. (2006)Moreover,Lehman & Robin (2007)
reported wheat starch as a high diddstone.

In the case of M starch and whéxtsed F starch and their mixtures (Fig@fe), a linear
decline (Rsquare=0.91) is measured at the first sampling p¥igt By increasing the amount

of F starch. The characteristics of the curves of MF80 asahfiples (Tabléc) are differen

from that of the other curvesd they are running lower.

Taking the results of the W starch, wheased F starch and their mixtures (FigR@d) into
account, it can be stated that the RS4 addition results in a lineaase¢Rsquare=0.91) in

the rate constant, while WF80 and F starches differ significantly from the others as it is shown
in Table6d and Figure0d.

In summary, the effects of phosphorylated ciiogsed F starch addition on digestibility can

be in agreemnt with the assumption dfester et al. (2008)ho 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 staréhean be stated that the F
starch (RS4) is significantly more resistant dphaamylase than the H starch (RS2)
according toMun & Shin (2006)who stated that RS4 is the most resistant starch due to its
crosslinked structure.

Contrary to the linearetrease in MF and WF mixtures, in the previous resulz®fi e nc s ®r e
al. (200&), a strong linearity was shown between matizymatic digestibility and the
amount of resistant starches in all mixtures (MH, WH, MF, and WHR)as to be noted
howevertha the enzymatic method applied in this work was selected to reveal and compare

alphaamylase hydrolysis of these starches before and after heat treatment.

Specifically, the starch containing raw materials are commonly processed in the food
industry; theréore, the investigation of the effects of cooking as a tygpcatessing step is
remarkably important. Additionally, it is important to determine whether there are any

synergistic effects in mixtures and how enzymatic digestibility changes after prgcessin
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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 inZBigure

the values of the calculated kinetic parameters are listed in Table

[aS)
o

Y (mg glucose/g starch’

o

o
ol

Y (mg glucose/g starch’

o

0

Figure 21 The digestibility curves of the cooked native and resistant starch mixtures
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Figure2la ard Table7a describe that the kinetic curves are running lower by increasing RS

content in the cooked mixtures of the M and mdiased H starchMoreover, the curves

themselves show differences in shape, which is particularly significant between theH/ and

starches probably due to their different enzymatic digestilfitdysed by different amylose
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amylopectin ratio)in accordance with the results 6hung et al. (2009and Htoon et al.

(2009) Chung et al. (2009showed higher enzymatic degradability inaize starches;

however,Htoon et al. (2009presented a certain enzyresistance level in high amylose

starches even after heat treatmémear relationship was detected between the RS percent of

the samples and the following parameters: the samplimgtspof Yso, Yeo, and the rate

constant; moreover, the total area under the curve. The results confirm a strong linearity in the

function of RS percent, Rquare values were above 0.90 in all cases. Additionally, this

phenomenon confirms that no synergigtifects were determined in the processed mixtures.

Table 7 Typical kinetic parameters of the cooked native and resistant starch mixtures
MH seriesi cooked samples

Val ues

(@)

Sample AUC (mg/g)*min  Y150(mg/Q) k (1/min)

M (native) 2817 ON9. 3:i21.32N0. :0.0311N0O
MH20 2892.0NR1:22.14R0.:0.0264N0
MH40 2753.7N3:21.38RNR0.:0.0232N0
MH60 2531.0RKR4:20.56RKR0.:0.0175N0
MHS80 2399.3N1!'19. 92N0.'0.0158N0
H (RS2) 2239.3N1:19.32RNR0.:0.0115N0

(b) WH series cooked samples
Sample AUC (mg/g)*min Y180 (mg/q) k (1/min)

W (native) 2935.0N3!21.69N0.:0.0281N0
WH20 2905.0RK4¢21.69NR0.:0.0271N0
WH40 2745.3N3°21.63N0.:0.0203N0
WH60 2599.88N1!'20. 96KNR0.:0.0171N0
WHS80 2515.3N2:20. 98N0. :0.0154N0
H (RS2) 2239.3N1:19.32RN0.:0.0115NKN0

(c) MF series cooked samples
Sample AUC (mg/g)*min Y180 (mg/qg) k (1/min)

M (native) 2817.0N9.21.32N0.:0.0311N0
MF20 2863.3N2:21.82N0.:0.0212N0
MF40 2872.7N1:22.51NR0.:0.0204N0
MF60 2927.0N9.22.33N0.:0.0214NKN0
MF80 2927.0R1:23.26N0.:0.0172N0
F (RS4) 2948.0N9.24. 09N0. :0.0153N0

(d) WEF series cooked samples
Sample AUC (mg/g)*min Y180 (mg/q) k (1/min)

W (native) 2935.0N3!'21.69N0.:0.0281N0
WF20 2921.7NKR3:21.47R0.:0.0256N0
WF40 2879.7N3(22.42N0.:0.0210KN0.
WF60 2801.7KR2(22.05N0. 0. 0189N0.
WF80 2848.7NR7(21.79N0. 0.0209N0.
F (RS4) 2948.0N9.24. 09N0. :0.0153N0.

represent means of triplicates N SD.

not significantly different (p < 0.05).

Wit hin

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 glue the
different enzymatic susceptibilistated byRoder et al. (2009AndHtoon et al. (2009)Roder

et al. (2009howed higher digestibility of wheat starches after heat treatment. 7Atableo
confirms these observations. Linear relationships were éetéetween RS content and some
digestibility parameters of the WH series. The linearity is stronger than in case of MH series,
namely Rsquare values were above 0.95. Additionally, next to the above mentioned
digestibility parametersYgo, Yoo, k, AUC), Y1 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 digestibdJC, k) compared to the untreatétl starch
(Table6a and Tablera) probably due to RS3 formation during heat treatnfémhmai 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 appropoiated 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 dkster et al. (2004the maize and wheat starcHecame
significantly more digestible bglphaamylase after heat treatment due to the lost of -semi
crystalline nature of starciiéble 6a, 6b and Table 7d&y)7 Comparing the digestibility of the
cooked W and M starche$dble 7a and 1), it can be statethat W starch was significantly
more digestible possibly due to their different origin, structure, type of starch crystallites and
their behaviors during gelatinisati¢8laughter et al., 200Tester et al., 2004

In the cooked MF mixtures (Figuélc and Table €), 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 digestibilityAUC) was observed ({Bquare=0.93) in the
function of RS addion thus no synergistic effects were detected between M and F starches.
Investigating the WF mixtures (Figugdd, Table d) it can bestated that th&UC values did

not show significant difference$he results confirm that the cooking influenced the W an
wheatbased RS (F) similarly probably due to the same botanic oragioordingly no
synergistic effects can be determined.

The results of F starch may be caused by the damage oflialosg in phospheester
bounded starches which can contribute taificantly higher digestibility K, AUC) compared

to its raw form Table &l, Table7d). These results are in accordance with the investigations of
Chung et al. (2008)ho investigated phospkesterbounded maize starch, which was not less

digestible afteheat treatment compared ttte heattreated unmodified starch. However, the
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heat sensitivity of crosknked starch is dependent on the type of heat treatment and origin of
starch as well as the degree of crlisking (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. FibersymE70
insusceptibility againsalpha-amylase while Hmai ze E26 0 ( RBadded tpRS8s i bl y
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 ®mafplication of RS2 in food industry

because after moisture heat treatmemhich representthe velocity of glucose releasad

AUC, which means totally liberated glucose during a timea period, are lower compared

to the native starches and cangredicted in the function of Hhai ze E26 0 st ar ch
Additionally, it can be ttedthat 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) tre atments 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 othiestigating their sensitivity in the analysis

of the MWAtreated starches.

3.2.3.1Results of thein vitro enzymatic digestionof microwave-treated starches

The enzymatic digestibility curves of starches can be sedfngure 22while the typical
kinetic paameters are shown in Tal8eThe characteristics of the kinetic curves of untreated
samples are in agreement with the previously observed(fastschapted.2.1). The W starch

was the most digestible, M and H starches showed similar characteristies-whstarch was

the most resistant talphaamylase due to its phosphorylated and ctivé®d structureThe

MW treatments did not cause significant differences in the shape of the kinetic curves (Figure
22) in case of the different starches. The curaes 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 aimgnificant tendencies
caused by the increasimegergy of the treatments. Similarly to tkparameter,ite two other

digestibility parametersUC, Y130 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 #targhesumablerfal
glucose concentratior{sg) increasedM0-M4); however, no tendencies could be observed
by increasing the energy of threatments. ThAUC value of M starch remained significantly
not different after the most intense treatmeritede results are irceordance with the study

of Anderson & Guraya (2006yho studied waxy and nemaxy 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
); 1% treatment ( ss===x ); 2" treatment (== );
4" treatment (===)

control (
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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  Y150(mg/qQ) k (1/min)
MO 1104.3N3:10.26N0.:0.0063NO.
M1 1106.5N7.20.69N0. :0.0052KN0.
M2 1126.3N3:120.87N0.:0.0051K0.
M3 1061. 7N4:120. 41N0.:0.0046NK0O0.
M4 1130.7N9.120. 92N0. :0.0052N0.
(b) W samples
Sample AUC (mg/g)*min Y180 (mg/qg) k (1/min)
WO 1223.3N3:11.26N0.:0.0071NO0.
W1 1218. 7NR1¢11.39N0.(0.0066N0O0.
W2 1309.5N1t12.17N0.:0.0068NO0.
w3 1149.0R3:11.04N0.:0.0059N0.
w4 1194.0R511. 06RK0. ‘0. 0066NO0.
(c) H samples
Sample AUC (mg/g)*min Y180 (mg/q) k (1/min)
HO 1146. 0N6:10. 38NO0.'!'0. 0080NO.
H1 1131.7N3:120.37N0.:0.0067NO0.
H2 1098.3N1t10. 37N0.:0. 0058N0.
H3 1158.3N2:11.12N0. 0. 0050480 .
H4 1093.3N2°10.10KN0. :0. 0065N0.
(d) Fw samples
Sample AUC (mg/g)*min Y180 (mg/g) k (1/min)
FwO 634.5N10.6. 78N0. 1¢0.0016NO0.
Fwl 631.4N8.(6. 46N0. 1:0.0031NKN0.
Fw2 640. 0N10.6. 28N0. 2¢0.0036NO0.
Fw3 647.0N12.6. 61N0.2¢t0. 0025N0.
Fw4 642.5N22.6.64N0.1:0.0023NO0.
Val ues represent means of triplicates NsuPebscripghdi t hi n t

not significantly different (p < 0.05).

3.2.3.2Results of the RVA method

The RVA curves of the native and resistant starches before and after treatments can be seen in
Figure23. AccordingtoGe | e n c s ®r a), theé resssant stafcBe8 do&ot gelatinise below
100 AC. 't was found that trdatngntsthdedendendlfong el a't
the time and the power of the treatments or the type of RS (F2@arand23d). 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 &fBtaining mixtures are depicted in Figure

23c and23d. All RVA parameters of the curves except geak timecan be found in Tabl@.

Thepeak timedid not show any significant differences therefore it is not shown.

Analysing the RVA curves and RVA paraters, 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 (E&yure
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All RVA parametersexceptthe pasting temperature (PT9howed decreases in the proper
values of the native starches (TaB)e In case of resistant starch containing mixtures and of
M and W starches; theeak viscosity (PV)}rough (TR)andfinal viscosity (FV)were lower
after thetreatments. 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 slstieshowed
that the rheological properties of lentil starchofzalez & Perez, 2002r Canna edulis
starch Lares & Perez, 20Q6vere significantly lower after a sixinutes long MW treatment
of 650 W power.

() (b)

(c) (d)

Figure 23 The RVA curvesof 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% uneated M starch
CONtrO| (mmmm) 1% treatment ( ) 2" treatment (== ) :
4" treatment (===)

71


















































































































