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Introduction

1 INTRODUCTION

Starch is an abundant storage carbohydrate in splamte of the most important
carbohydrate sources for human nutrition and widedgd in the food industry. It exhibits
unique properties depending on its botanical orighremical composition and the chemical,
enzymatic, thermal, and/ or mechanical (pre-) tnegit applied. The texturising properties of
starches are mainly based on a process calledrgsddion defined as a water uptake and
swelling of the starch granules accompanied bysaodity increase of the suspension and
melting of starch crystals becoming visible by lo$birefringence. Generally, gelatinisation
occurs upon heating but it can also be inducedobgmically by addition of alkali. In 1982
Muhr and Blanshard first reported a gelatinisattbnvheat starch in excess water at ambient
temperature under high hydrostatic pressure (458)MP

High hydrostatic pressurisation is a non-thermayspdal process where a packed
product (e.g. starch suspension) is introducedantigh pressure vessel and pressure is built
up either directly or indirectly via a plunger aagressure transmitting medium (e.g. water).
Thus upon pressurisation, reactions involving aicéidn in volume are favoured and high
hydrostatic pressure can cause denaturation oéipsytinactivation of microorganisms and
enzymes at simultaneous preservation of the frksh-¢haracter of a food product at
minimum thermal stress.

Up to now, several research groups dealt with thh hydrostatic pressure treatment
of starches of different origin. They discoveredswaelling of starch granules upon
pressurisation associated by a loss of birefringesied gelatinisation. In contrast to heat-
gelatinised starches, the granular character wastam@ed and the textural properties such as
water binding, viscosity and gel characteristicfeded. Consequently, high hydrostatic
pressure treatment of starch suspensions opemnswppplications of starches in the food and
cosmetics industries with novel properties. Addiéithy, a relationship between physical
starch properties and pressure and time has besmvall. Since starch gelatinisation and its
physical properties are evidentially temperaturpeshelent, this raises hope that starch could
be applicable as an intrinsic control indicator pressure, temperature and treatment time
applied in a pressurisation process.

However, no thorough, methodical investigation be tmpact of high hydrostatic
pressure has been performed. The effects of highspre in combination with temperature
and treatment time on degree of gelatinisation plmgsical properties need to be studied
systematically as well as the influence of sugamd galts on pressure-induced starch

1
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gelatinisation. Since differing retrogradation amdrystallisation behaviour and enzymatic
degradability were obtained by several researchgg@omparing heat- and pressure-induced
gelatinised starch suspensions and healthy, fumatioutrition has gained more and more
attention, it would be interesting to investigatee teffect of pressure-induced starch
gelatinisation in combination with subsequent fesit steps favouring starch

recrystallisation on the content of resistant $tahe addition, the impact of pressurised wheat
starch replacing part of the flour in dough on thetural properties of wheat bread upon

storage appears to be an attractive survey.
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2 LITERATURE REVIEW

2.1 Starch Principles

Starch is a major storage product in plants andobriee most important carbohydrate
sources for human nutrition. In addition to the hhigutritional value, starches play an
important role in food manufacturing processes ttuéheir considerable effect on textural
properties of food products. They are utilised eag. gelling agents for puddings, as
thickeners, in sauces and desserts, in baking ptedand also in the non-food sector such as
in the paper manufacturing industry.

Starch occurs in form of granules varying in sind ahape depending on the plant of
origin. The granules can be e.g. spherical, ovalygonal, and lenticular in shape with a
diameter of 2 to 175 um and can be found singlserabled in compounds (Belig al,
2001; Tegge, 2004), or ostensibly assembled. Fampoond starch granules, the single
granules do not become visible until after a swglistep. The amount of discrete granules in
compound starch granules ranges from a few to gpveral thousand granules (Stute, 1985).
Wheat, rye and barley even contain two differepietyof starch granules: a large lenticular
type (25-40 um) and a small spherical type (5-1Q (Hoseney, 1986). Depending on their
origin, starches have typical properties that &émgbated to the size, shape, composition, and
crystallinity of the granules (Belitet al, 2001). In addition to starch, starch granulegaion
traces of fat, nitrogen, and phosphorous whichrthy influence the properties of starches
despite negligibly small concentrations (Hosene386L Belitzet al, 2001). Water is also
detectable in starches, e.g. in wheat starch therwantent amounts 13-15 %, in potato
starch around 20 %. One third thereof exists aswrater, the rest is bound by adsorption and

capillary forces (Ternes, 1994).

2.1.1 Chemical structure

Starch consists ofi-D-glucose molecules and is composed of a mixturéheftwo
glucanes amylose and amylopectin. The ratio of asgyko amylopectin averages 23 %
amylose to 74-77 % amylopectin (exceptions: waxycstes comprise 100 % amylopectin,
amylotype starches contain 70 % amylose.) (Tert@34).



Literature review

Amylose is predominantly a linear molecule with art@lly helical structure
consisting ofo-1,4-linkedD-glucose (Fig. 2.1) with an average molecular we@jt250,000
depending on the type of source plant and its grgwtage (Hoseney, 1986; Tegge, 2004). At

a degree of polymerisation of about 1000, the

amylose molecule exhibits a length of 0.5 p TH?EH ':.:_H_z_gH
(Ternes, 1994). The degree of polymerisation ’ ‘*1 ;’J[ H
potato amylose can amount up to 45( o—\¢H /-0 ?H V O
corresponding to a molecular mass of 750,0 I OH l OH

(Belitz et al, 2001). Amylose has the ability to Fig. 2.1 Schematic illustration of the
form complexes with iodine, organic alcohols,amylose molecule.
and acids, the so-called helical inclusion
complexes. It can thus be precipitated from a btaotution by addition of n-butyl-alcohol as
a result of forming an insoluble complex with tHeokol (Hoseney, 1986). Additionally, in
the presence of salts such as Mg@@d low molecular fatty acids (caprylic and camod),
amylose can be separated from starch solutions égnmof crystallisation (Belitet al,
2001). The long, linear structure of amylose i® akssponsible for its tendency to associate
with itself and precipitate from solution. Onlyahigh pH (e.g. in 1IN KOH) amylose stays in
solution because small positive charges are induredhe hydroxyl groups that causes

adjacent chains to repel each other (Hoseney, 1986)

With a molecular weight of £pamylopectin represents one of the largest madscul
found in nature. Just like amylose, amylopectinamposed ofi-D-glucose being mostlg-
1,4-linked. In contrast to amylose however, itighty branched and therefore also contains
a-1,6-links (4-5 %). The average chain length of bih@nches amounts up to 20-25 glucose
units (Hoseney, 1986). Amylopectin is a two-dimensi, discoidal molecule, which is
assumed to have a cluster-like structure (Sivakr&d8, 1998; Tegge, 2004) and consists of
A-, B- and C-chains. A-chains are short, free desthains and linked to the amylopectin
molecule by its reducing end. The longer B-chaearlside chains (A- and B-chains) and can
be divided into dense, crystalline sections (clysend less dense, amorphous sections
without side chains. Parallel A- and B-chains ie #ame cluster form right-handed double
helices originating from branch points with six ghse molecules per turn. The C-chain is
characterised by carrying the only reducing endrohmylopectin molecule (Banks & Muir,

1980; Belitzet al, 2001; Tegge, 2004). The molecular structure anex@mplary model of
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C-chain Reducing end

a-1,6-branch points

6 Glucose (L:Y\ Q
4 Cg‘

units o

Cluster

Fig. 2.2 Molecular structure of amylopectin and a modeltfi@ helical and cluster-structure
of the amylopectin molecule (according to Banks &iiM1980; Belitzet al,, 2001).

the cluster-structure of amylopectin are depictedigure 2.2. The amylopectin molecule is

radially arranged within the starch granule Granule  Surface
which leads to a tangential alignment of the — /
_Q//’\\—\T"“-
crystals. It is oriented with the non-reducing _ ; 5 R
Crystalling ——ps
ends of the chains towards the granule g Srel

Semi-crystaliine -} B
. . . Soft  Shell
surface. The molecule is divided in

alternating crystaline and amorphous
Large  Small

Blocklet Blocklet
Fig. 2.3.Composition of starch blocklets /l
and the assembly of small and large ST S
blocklets in soft and hard shells in a starch ©vs@line e
granule (Gallanet al, 1997). Amorphoue i i g an
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structures of sections (lamellae) with a perioglict 9-10 nm. In the crystalline lamellae, as
mentioned before, the cluster-like structures acated. The amorphous lamellae contain the
branching points, the amylose and the amorphoudogmgtin. The lamellae form larger,
ellipsoid structures, the so-called blocklets, wahim turn form crystalline, hard and
semicrystalline, soft shells, i.e. growth ringse(s&g. 2.6) being several 100 nm thick. The
soft shells are made of smaller blocklets (20-50),ntme harder shells consist of larger
blocklets (50-500 nm) as can in detail be seerguré 2.3 (Gallant, 1997; Tegge, 2004).

2.1.2 Starch crystallinity

Starch is partially crystalline, up to 30 % of starin a starch granule consist of
crystallites (Hoseney, 1986). This crystallinity noat be attributed to intermolecular
interactions between amylose chains analogous to
cellulose, but to the branched amylopectin. Forlasgy
being located in the amorphous regions of the lstarc
granules can be leached out of the granule without
destruction of the crystalline properties, and asg}
free starches like waxy maize starch also exhibit
semicrystallinity (Hoseney, 1986; Sivak & Preiss,

1998; Belitzet al, 2001). An important property of

Fig. 2.4 Birefringent pattern of starches is their birefringent character being esped

native potato starch granules in by the typical dark Maltese crosses in light micaysc
polarised light (x 400). examinations (Fig. 2.4). This gives proof of a high
degree of order, i.e. molecular orientation withine

starch granule which is not to be mistaken withstalinity. The birefringence is lost upon

gelatinisation (Banks & Muir, 1980; Hoseney, 1986).

Investigations of several intact starches by X-aaglysis resulted in the three X-ray
diffraction patterns A, B, and C. The pattern fotype crystals shows three strong peaks at
5.8, 5.2 and 3.8 A and the B-type pattern exhibéaks with medium intensity at 15.8-16 A
and 5.9-6.1 A, a strong peak at 5.2 A and a dowhiét medium intensity at 3.7 and 4.0 A
(Zobel, 1964 & 1988). Most cereal starches as wlgeat starches exhibit the A-type
crystallinity, potato starch and other tuber stasgslamylomaize starch, as well as retrograded
starches show B-type crystallinity, and starchesrapbical plants and legume starches e.g.
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bean starch show C-type X-ray diffraction patteriise C-type crystallinity is a composite,
containing a mixture of A-type and B-type crystaki and exhibits the same X-ray diffraction
pattern as A-type crystals with an additional peakabout 16 A characteristic for B-type
crystallinity (Hoseney, 1986; Zobel, 1988; SivakP&eiss, 1998, Tegge, 2004). In thermally
swollen granules a fourth crystallite type calledyge crystallinity has been found (Belgt
al., 2001) with characteristic peaks at 11.3-12 A;&5 A and 4.3-4.4 A depending on the
extent of hydration (Zobel, 1964 & 1988). The X-iffraction pattern can be changed from
the B-type to the A-type pattern by heat-moistueatinent. By swelling and gelatinisation of
starches the V-type pattern is formed being charwtic for freshly baked bread. When bread
is staling, B-type crystallinity is formed which ithe typical crystalline structure for
retrograded starches (Sivak & Preiss, 1998; Belital, 2001). According to Stute (1985),
starches with B-type crystallinity exhibit higheelgtinisation enthalpies than starches with

A-type crystallinity.

B-type

Fig. 2.5 Alignment of double helices in A- and B-type dafs of starches
(Blanshard, 1987).

Based on X-ray diffraction patterns of A-type andyBe crystallinity, unit cells made
of double helices were estimated (Fig. 2.5). Thebtk helices comprising e.g. amylopectin
side chains and representing the structural elesmehtthese unit cells are right-handed,
parallelly arranged with 6 glucose units each t{{8arko & Wu, 1978; Belitzt al, 2001).
The assumption of an anti-parallel arrangement@fdouble helix was not agreeable with the
starch biosynthesis according to Buléiral. (1998), Belitzet al. (2001) did not exclude this

possibility due to existing research results, haaveW¥he unit cell of B-type crystalline starch

7
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consists of six of these double helices enclosieguaty filled with 36 water molecules in a
hexagonal arrangement. The unit cell of the A-tgpestallinity is composed of seven double
helices and is therefor more densely packed duge ronoclinic arrangement and contains
only eight water molecules per unit cell (Sarko &MW978; Buléoret al. 1998; Belitzet al,
2001).

The conformation of the double helices can be edteby external factors. The
presence of e.g. KOH leads to an extension of #tie&,/KBr causes an even more extended
helix with only four glucose molecules per turnffingly lipophilic molecules like iodine,
fatty acids, fatty acid esters of hydroxycarboxydicids, monoglycerides, and n-butanol are
able to form helical inclusion complexes with anmsdo By this complexation the before
mentioned V-conformation of V-type crystalline staes can be stabilised. A complex of
amylose with n-butanol results in a helix with se\ggucose molecules per turn, and in the
presence obi-naphthol the helix expands to eight sugar molecyler turn (Belitzet al,
2001).

2.1.3 Starch biosynthesis

Starch is synthesised in the plastids, self-repligaorganelles surrounded by a
double-membrane envelope and divided into amyléglaad chloroplasts on the basis of
their function. In chloroplasts the so-called agigition starch is synthesised and temporarily
stored in case of sugar abundance during photossisthwhereas the starch granules
generated in the amyloplasts act as
permanent storage carbohydrates (Stute
1985; Sivak & Preiss, 1998). In the

amyloplasts the starch granule grows by

apposition, i.e. radial deposition of

material on the outside, starting from the [,
hilum as growing point (Hoseney, 1986).
The hilum is located at the point at which

the arms of the Maltese cross being

perpendicular to the growth rings meet

Fig. 2.6 Native potato starch granules stained
with Lugols solution under polarised light (x
1980; Sivak & Preiss, 1998). Every new 400). Note the concentric growth rings.

under polarised light (Banks & Muir,
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growth ring, representing alternating shells ofhhand low refractive index, varies in layer
thickness, density, and enzyme digestibility depemdon the amount of carbohydrates
available at that stage of starch synthesis (Hgseh@86; Blanshard, 1987). These layers
formed during the starch synthesis become visilfler &a treatment with dilute acid or

enzymes of the starch granule (Hoseney, 1986)p&@to starch, the growth rings can easily
be seen in the intact starch under a light micrpedéig. 2.6). In wheat starch, the number of

growth rings appears to correspond to the daysarfuje development (Blanshard, 1987).

CYTOPLASM Amylopectin Amylose
Starch synthase + Starch synthase
Branching enzymes
Sucrose
N
Sucrose synthase
a-1,4 Glg,
rs N
Fructose UDP-Glc ADP-Glc
‘ UDP-glucosepyro- ADP-glucosepyrophosphorylase
fructokinase phosphorylase ><>PPi
} ' ATP
Frc-6-P Glc-1-R » Glc-1-P
P-hexoseisomeras: Cytosolic Plastidial Phosphoglucomutase
Phosphoalucomuta
»Glc-6-P » Glc-6-P
AMYLOPLAST

Fig. 2.7. Schematic overview of starch biosynthesis (Bulébral, 1998; Sivak & Preiss,
1998; Tegge, 2004).

Since there is no excess of sugars, for starcthegis the sugar molecules have to be

transported to the amyloplasts by a membrane sysBrasumably, this transportation is

9
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controlled by the enzymes bound to the double man#of the plastids (Stute, 1985). The
carbon transport form sucrose is metabolised iniotbse and UDP-glucose (UDP-GIc) by
sucrose synthase (Susy) in the cytoplasm becalg@@exoses are able to be translocated into
the amyloplast. The fructose is transformed intoctinse-6-phosphate (Frc-6-P) by
fructokinase and further into glucose-6-phosphatelc-6-P) by the cytosolic P-
hexoseisomerase, while the UDP-glucose is metaubiis glucose-1-phosphate (Glc-1-P) by
UDP-glucosepyrophosphorylase and further in glugplosphate (Glc-6-P) by cytosolic
phosphoglucomutase (P-glucomutase). Glc-1-P and6®ic are transferred from the
cytoplasm into the amyloplast via translocatorstltd amyloplast membrane. Within the
amyloplast the Glc-6-P is metabolised in Glc-1-Pplastidial P-glucomutase, Glc-1-P is then
further converted into ADP-glucose by ADP-glucosephosphorylase. The starch synthase
catalyses the transfer of the glucosyl moiety & ADP-glucosepyrophosphorylase to the
non-reducing end of a growing-1,4-glucan and is involved in amylose as well as
amylopectin synthesis. Five kinds of starch syrakd$S) participate in the starch synthesis:
The granule bound starch synthase (GBSS), SS I, $S I, and SS IV, where the GBSS
only takes part in the formation of amylose. Fa #mylopectin synthesis starch branching
enzymes are required that participate in the faonabf a-1,6-branching points (Buléoet

al., 1998; Sivak & Preiss, 1998; Tegge, 2004). Theswhfor starch biosynthesis is depicted
in figure 2.7.

2.1.4 Raw material for starches

The most significant sources for starches in teistry are maize, potato, tapioca, and
wheat. Other raw materials for the starch produacimclude rice, sago, yam, arrowroot,
sorghum, lotus root, water chestnut, mung beans)d@ea, rye, barley, lentil (Stute, 1985;
Belitz et al, 2001), and chestnut (Gasseeal, 1989).

In wheat, the starch granules are situated in tiiwsgperm of the wheat kernel, also
called caryopsis, containing about 60 % starch. Sthech is produced out of wheat flour by
separating it with water from the gluten in a Marprocess, a batter process or a slurry
process (e.g. Westfalia process). Wheat starchasohly starch being composed of two
fractions of starch granules, the larger granulethe A-starch (25-50 pm) and the small
granules of the B-starch (2-15 um) (Hoseney, 19&gge, 2004).

Potato tubers are enlarged underground stems oplére Solanum tuberosurand
contain about 19 % starch, which is unevenly disted throughout the tuber and is mainly

10



Literature review

located close to the vascular bundles. Potatotstamproduced by wet milling using a process
known as rasping. It consists of comparativelydagganules (< 100 pum), is quite sensitive to
alkali and acid and contains approximately one phate ester group per 200 to 400
anhydroglucose units which gives a slight aniomaracter (FoodStarch.com, 2004; Tegge,
2004).

Tapioca starch, also called manioc or cassavahstacproduced from the tuber-
shaped roots oManihot utilissimaand Manihot palmatacontaining 22-31 % starch. The
tapioca starch production process is similar to ghecess of potato starch production but
tapioca has to be processed within 24 h after ke to fast spoilage while potato can be
stored for a longer period (Tegge, 2004). The kt@roduction process is not to be further

detailed here.

Some properties of wheat, potato, and tapiocatstarare listed in table 2.1.

Tab. 2.1. Characteristics of wheat, potato, and tapiocatgranules (Tscheuschner, 1996;
Belitz et al, 2001)

Type of starch Wheat Potato Tapioca
Granule size [um] <45 <100 <35
Diameter [um] 2-38 15-100 5-35
Average diameter [um] 8 27 15
Number of granules per g [x30 2 600 60 500
Number of starch molecules per granule[xL0 5 50 4
Specific surface area [m?/ kg] 500 100 200
Amylose content [%] 26-31 21-23 17
Amylopectin content [%)] 72 79 83
Gelatinisation temperature [°C] 53-65 58-66 52-64
Water content [%0] 13 19 13
Protein [%0] 0.30 0.06 0.10
Fat [%] 0.80 0.05 0.10
Ash [%] 0.20 0.40 0.20
Phosphorous [%] 0.06 0.80 0.01

2.2 Thermal starch gelatinisation

When dry, native starch granules are placed in matt@-4°C, water is absorbed and

penetrates the granule. Starch can hold up to 8d % dry weight as moisture. The granule
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swells slightly (about 5 %) and this change in woduand water uptake are limited and
reversible, and heating the system to just belsvwgdlatinisation temperature will not cause
any other changes (French, 1984; Hoseney, 1986yekier, further heating to temperatures
above the gelatinisation temperature results iaversible changes. Heating of starches
containing a limited water amount leads to meltimgtarch crystals with loss of crystallinity.
The melting temperature depends on the water coatehlies above 100°C at a low moisture
content. In excess water, the melting is accomplabie a hydration and an irreversible
swelling of the starches. The viscosity increaseis increased heating and the starch granule
simultaneously loses its birefringent propertiese(ieh, 1984; Hoseney, 1986). The rise in
viscosity of starches upon heating in water isrdsailt of starch taking up water and swelling
substantially. With continued heating, the stardngles become distorted and soluble starch
Is released into solution. The soluble starch dred dontinuous water uptake of insoluble
remnants of the starch granules are responsibldgéincrease in viscosity (Hoseney, 1986).
The complete solubilisation of starch granules app#o be dependant only on the treatment
temperature, not on an interaction of treatmene tand temperature, because holding starch
at a constant temperature for a period of time dussincrease its solubility. In order to
enhance the solubility of starches, the temperatwst be raised (Hoseney, 1986). However,
Muhrbeck and Svensson (1996) observed that thdimgje&ion temperature increased with
increasing annealing time (up to 1280 min, 50°C).

Consequently, gelatinisation is regarded as theatigsh and irreversible swelling of
the granule, the destruction of molecular orderhiwitthe starch granule, and starch
solubilisation and can also be interpreted as tledtimy of starch crystals (Zobel, 1984;
Atwell et al, 1988). This is confirmed by calorimetric examiaas showing gelatinisation
endotherms (first-order thermal transitions). Aligh each granule separately gelatinises
rather abruptly, a large amount of starch granofeshe same species gelatinises over a
temperature range of about 8-10°C which is chariatte for each starch species (Snyder,
1984). The gelatinisation process is thereforedaidi into the onset temperature, the peak
temperature and the conclusion or offset tempezafline onset temperature of gelatinisation
determined by differential scanning calorimetry DSs in good agreement with values
detected by measurements of loss of birefringendewever, DSC measurements
demonstrate that yet important structural changies place after loss of birefringence (Zobel,
1984). Svensson and Eliasson (1995) examining liemial gelatinisation of potato and
wheat starch in limited water found evidence fdwa-phase gelatinisation process. First a

hydration of amorphous regions of the granule agzoried by a minor reduction in
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crystallinity occurred, and secondly melting ofrsbacrystals up to a total loss of crystallinity

took place.

2.2.1 Impact of solutes on starch gelatinisation

Water plays an important role in the process ofnia starch gelatinisation as the
gelatinisation temperature decreases with incrgasiater content of starch suspensions.
Other liquids than water (e.g. liquid ammoniac, €inylsulfoxide, formic acid, chloroacetic
acid) also influence starch gelatinisation by rupiy hydrogen bonds within the starch
granule or by forming soluble complexes with star8ldditionally the presence of alkali,
salts, sugars, lipids, alcohol, organic acids ded tsalts have an impact on the gelatinisation

temperature and thus affect the extent of gelatiitis (Zobel, 1984).

The impact of sucrose on the thermal gelatinisabbrseveral starches has been
investigated and it was discovered that the ge&atiion temperature increased with
increasing sucrose concentration (Evans & HaisniE982; Spies & Hoseney, 1982;
Chinachotiet al, 1991; Ahmad & Williams, 1999; Jargg al, 2001; Maaurfet al, 2001).
Sucrose also caused a rise in pasting temperaifggolonia, 1972) and an increase in
starch melting enthalpy (Ahmad & Williams, 1999;eBat al, 2004). Other low-molecular
sugars such as fructose, glucose, maltose etchitedhiequal effects on thermal starch
gelatinisation but influenced the gelatinisatioram@cteristics to different extents (Evans &
Haisman, 1982; Beleiat al, 1996; Ahmad & Williams, 1999). This inhibitoryfe€t of
sugars on starch gelatinisation can be attribuietd reduction of mobility of the solvent and
reduction of the @-value thereby impeding the penetration of watéo the granule. Spies
and Hoseney (1982) suggested that sugar-staratadtitens stabilise amorphous regions by
sugar molecules forming bridges between starchnshand hence increase the energy
requirement for starch gelatinisation. Hanserml. (1989) using carbon-13 nuclear magnetic
resonance found evidence for sugar-starch interatluring heating shortly before the onset
temperature of starch gelatinisation. Tomasik al. (1995) verified the formation of
complexes of low-molecular sugars with starch blapmetric measurements and concluded
that these inclusion complexes develop by penetratif sugar molecules into the starch

interior opened by starch swelling.
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In the presence of sodium chloride, the gelatimsatenthalpy decreases with
increasing salt concentration whereas the gelatiois temperature rises at NaCl
concentrations up to 2M (Sandstedtal, 1960; Maaurket al, 2001) and ca. 5 % (Evans &
Haisman, 1982) and subsequently decreases sinkiiogvlithe gelatinisation temperature of
pure starch suspensions at a NaCl concentrati@VofSandstedét al, 1960; Maaurkt al,
2001) and approx. 20 % (Evans & Haisman, 1982)loBeéres and Paredes-Lopez (1995)
examined the influence of sucrose and NaCl on tledatigisation temperatures of
amylopectins of different botanical origin. Theasults were analogous to investigations of
starches.

The wide variation of effects of salt solutions the gelatinisation temperature of
starches has been shown by several authors (Sdhettd, 1960, Gerlsma, 1970; Evans &
Haisman, 1982; Jane, 1993). Sandsttdal. (1960) discovered that salt solutions not only
shifted the gelatinisation onset temperature bsb ahduced changes in the gelatinisation
pattern. According to Gough and Pybus (1973) thpabiity of salts to influence the
gelatinisation temperature depends on their impmactthe structure of water. Strongly
hydrated ions increase the order of structure ofewwand simultaneously decrease its
capability to gelatinise starch. In contrast, wgakydrated ions disrupt the structure of water
and facilitate gelatinisation. Consequently, fldes elevate whereas iodides depress the
gelatinisation temperature. Chlorides only havelkeftects on the structure of water. Thus
the increase in gelatinisation temperature at lomcentrations is osmotic in origin due to the
lowering of the water activity. With increasing ahtle concentrations the influence of the
partially hydrated ions on the gelatinisation pssc#creases, by playing an increasing role in
the attack on the starch granules, and hence thénjgation temperature diminishes. At the
highest salt concentrations, virtually no penetratf the granule by the solution occurs and
erosion proceeds in terms of a pitting corrosionilar to enzyme attack.

Gough and Pybus (1973) discovered three thermatigisiation types of wheat starch
in the presence of chlorides at high concentratibmscorrespondence to results of other
research groups mentioned above, they also obsethadl an increasing chloride
concentration first led to a rise, then to a degiogsand then again to a rise in gelatinisation
temperature. Jane (1993) explored the mechanismstasth gelatinisation in neutral salt
solutions. The author concluded that the procesgetatinisation of starches in the presence
of salts is influenced by two effects: First, inregment with Gough and Pybus (1973) by
water structure-making and structure-breaking ¢gfet ions of high and low charge density,
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respectively, and secondly by electrostatic inttwas between the salts and hydroxyl groups
of the starches (Fig. 2.8).
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Fig. 2.8 Proposed mechanism of neutral salts affectingtstgelatinisation (Jane, 1993).

Under alkaline conditions starch gelatinises ateovemperatures (Zobel, 1984) and
retains its birefringent character despite extenswelling, deformation and bursting of the
granules. This indicates that the mechanisms oklypehermal and alkaline gelatinisation
differ (Wootton & Ho, 1989).

The gelatinisation temperature is not only affedvgdexternal influence factors but
also by the chemical composition of the starch. &@mple phosphate groups characteristic
for potato starch have a retarding effect on gaikdtion properties of potato starch. The
higher the degree of phosphorylation, the higheéhésgelatinisation temperature (Muhrbeck
& Svensson, 1996). Further, Yoek al. (1994) discovered that the gelatinisation tempeeat

decreased with increasing degree of substitutiaratibnised of pea and corn starch.
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2.2.2 Monitoring starch gelatinisation

There are numerous methods for the determinatidithefmal) starch gelatinisation.
The optical analysis by a light microscope is biytfee simplest method both in equipment
and in application. When starch is heated aboveaetatinisation temperature, the granules
gelatinise with almost simultaneous loss of theapsétion crosses (Snyder, 1984). This loss
in birefringence can easily be observed by lightrogcopy and simply requires a microscope
equipped with polarising attachments and a heaiage (Zobel, 1984). A drop of the starch
suspension with a concentration of 0.1-0.2 % isqut slide and surrounded by oil before
the cover glass is applied. This oil barrier iptevent the development of steam and thus to
ensure undisturbed vision. The slide is mountedhanhot stage which is placed on the
microscope stage. The temperature of the stargiesg®n is increased by a constant heating
rate of about 2°C per minute starting 20°C below Ittwest temperature of the gelatinisation
range of the starch. About 100 to 200 starch gemnalre observed with a magnification
sufficient enough to clearly distinguish the pddation of the smallest granules. Upon
heating, the granules are observed and the terapesatorresponding with 2, 10, 25, 50, 75,
90 and 98 % loss of birefringence are recorded $@rgat1964). For very small granules or
granules showing only weak birefringence, granuleléng can also be used as a criterion for
gelatinisation where it is a function of temperatand grade of swelling (Zobel, 1984).

Until recently the microscopic analysis in high hystatic pressure research was
limited to observations before and after the pnesdreatment, where the samples were
investigated with a microscope before and afterptessurisation step (Begd al, 1983;
Shimadaet al, 1993; Sato & Kobori, 1995). Snauwaert and Heresr(d899) and Ruberet
al. (1999) observed pressure-induced starch geldfimisan situ in a diamond anvil cell,
Douzalset al. (1996) in a high pressure microscope. The chaiprotess engineering of
disperse systems at the Technical University MingReeising-Weihenstephan, Germany) in
cooperation with the mechanical engineering compdtgcord Maschinenbau GmbH
(Konigsee, Germany) developed the so called HaminBfeifer, Dornheim, Sommer - High
Pressure Cell (HPDS High Pressure Cell) enablingraacopic in situ analyses of pressure-
induced starch gelatinisation under pressures o6 300 MPa (Hartmanet al, 2003).

It is additionally possible to visually monitor tineal starch gelatinisation by structural
changes detected by a scanning electron microg&#pie). This technique is convenient for
granules maintaining integrity throughout the simglland gelatinisation process (Zobel,

1984). Other complex, physical methods based oicalpdetection for starch gelatinisation
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include light transmission and laser light scatigriThe increase in transparency of starch
suspensions upon gelatinisation can be determigdaylt transmission whereas changes in
scattering of a polarised laser beam are dire@lgted to changes in the supermolecular
organisation of starch macromolecules during gaksdtion (Zobel, 1984). Since high

pressure cells with windows exist, this monitorimgthod appears applicable for pressure
induced starch gelatinisation. However, it needsbé& determined whether measurable
changes in light transmission or light scatterirgrelating with pressure-induced starch

gelatinisation occur during pressurisation of stasc

Differential scanning calorimetry (DSC) is usedetealuate the thermal properties of
food samples (Kolbet al, 1999) where the difference of heat flows betwdensample and
a reference sample as a function of temperaturdiaradis determined and the heat (reaction
enthalpy) absorbed or released by the sample pames with the peak area of the DSC
curve. The measurement of starch gelatinisationDIBC is based on the detection of
endothermic effects such as crystal melting assaltr@ef heating at a constant heating rate
(Hemminger & Cammenga, 1989). When starch/ watstesys with excess amount of water
are heated up to 150°C, two endothermic peaks becosible on the DSC curve, whereas
three endothermic peaks are observed for starckérwaixtures with limited amount of
water. The first peak is identified as moisture-ratetl disorganisation of starch crystallites,
the second peak represents the melting of remainygials and is only observed for starch
samples with limited amount of water, the third lpés assumed to be attributed to order-
disorder-transition of amylose-lipid complexes. €equently, only the first two peaks are
responsible for starch gelatinisation (Fukuekal, 2002).
Muhr et al. (1982) performed high pressure differential thdramaalysis (HPDTA) of starch
suspensions and obtained gelatinisation peaks. égoestly, Calorimetric analysis under

high pressure is feasible.

Since thermal gelatinisation is accompanied bynarease in viscosity (French, 1984;
Hoseney, 1986), the thermal gelatinisation pro@ass also be monitored by viscosimetry
using a Brabender Viscoamylograph containing a &atpre-controlled rotating bowl and a
sensor measuring sample viscosity. The resultimgogram provides information of the
rheological properties of the starch sample as vedl beginning of gelatinisation,
gelatinisation maximum and temperature (Braben@600). Apparatuses for the online-
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measurement of viscosity under pressure are noestablished but the realisation appears

feasible.

Wang and Sastry (1997) investigated the effecttarfich gelatinisation on electrical
conductivity during ohmic heating and detected ¢esn in electrical conductivity
synchronously with starch gelatinisation. The eleat conductivity increased with increasing
temperature. Comparing the conductivity curves iaobth with DSC thermograms,
gelatinisation peaks with similar shapes and teatpes ranges have been found. This
indicated the potential to monitor starch gelattien by changes in electrical conductivity.
Karapantsiost al. (2000) also concluded that conductance measurenmeat the potential
for assessing the extent of starch gelatinisatiwh the electrical conductance technique of
this research group was successfully employed F&r on-line monitoring of starch
gelatinisation (Sakonidoet al, 2003). Chaiwanichsiret al. (2001) stated as well that
electrical conductivity measurements were an dffecmethod to quantify thermal starch
gelatinisation, also in on-line applications. Thethers explained the rise in electrical
conductivity simultaneously with thermal starchajglisation by an ion release from starch
granules corresponding to the breakdown of crystaktructures. The beginning of the ion
release was in accordance with the initiation afat gelatinisation and the completion of ion
release correlated with the disintegration of ttegch granules and the total collapse of the
crystalline structure. Since the granular structsir@aintained after high hydrostatic pressure-
induced gelatinisation and no disintegration of $t@rch granule is observed (see 2.3.3), it
was uncertain whether this method could be addpteitie determination of pressure induced

starch gelatinisation.

2.2.3 Gelation and Retrogradation

When thermally gelatinised starch pastes with &csently high starch concentration
cool down, a gel is formed. A gel is defined agaitl system with properties of a solid, with
a small amount of solid controlling a large amooinivater (Hoseney, 1986). Gelation occurs
as hydrated and dispersed starch molecules reagsaae. as molecular bonds (e.g. hydrogen
bonds) are formed that result in a network. Stagaduantaining amylose normally gel quickly
because linear amylose molecules associate mordilyrelhan branched amylopectin
molecules. Gelation is therefore controlled by tt@ntained amylose, no matter if it
dominates or not (Zobel, 1984).
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When a gel is ageing or freeze-thawed, starch sttaimd to interact strongly and form
hydrogen bonds between hydroxyl groups and thusHpwater out of the gel matrix. This
forcing of water out of the gel is called syneregis longer storage times, the interaction
between starch chains increases and eventuallytaliryation takes place. This
recrystallisation of starch chains within a geldalled retrogradation. With proceeding
retrogradation, a gel becomes opaque, rigid andemyb(Hoseney, 1986; Tegge, 2004). The
process of retrogradation, especially amylopedatrnogradation (Fredrikssaat al, 2000), is
also believed to be involved in the staling of bread other baked goods (Hoseney, 1986)
and the retrogradation behaviour differs dependngthe botanical source of the starch
(Jacobsoret al, 1997; Ottenhoét al, 2005).

Amylose tends to retrograde and this process tpk&se in three steps: First an
extension of amylose helices to linear molecules@eds, which is followed by an alignment
of these stretched amylose chains in groups andotineation of hydrogen bonds between
hydroxyl groups of adjacent amylose molecules itfimultaneous release of water (Belitz
et al, 2001; Tegge, 2004). This process proceeds anadofmr short branches of the
amylopectin molecule and the super-helical strgctoir native starch is thus not regained
during retrogradation (Keeteds al, 1996).

In literature it is disputed whether amylose isigkpart in starch retrogradation.
While Keetelset al. (1996), Silverioet al. (2000), and Ottenhddt al. (2005) defined starch
retrogradation as a recrystallisation of amylopedtirisi and Neukom (1984), Jacobsain
al. (1997), and Garcia-Alonset al. (1999) stated that both starch components, amyode
amylopectin, are involved in the process of staethogradation with amylose undergoing
retrogradation at a more rapid rate than amylopddacobsomet al, 1997; Fredrikssost al,
2000).

2.2.4 Heat moisture treatment and annealing
The gelatinisation temperature can be altered krnthl treatments and it is

differentiated between heat-moisture treatmentaamkaling.

Heat-moisture treatment (HMT) is characterised byeaposure of starch to higher
temperatures above gelatinisation temperaturergtlveited moisture content of about 18-27
%. The low level of water leads to an elevationtle# glass transition temperature,)(Ta

physical reorganisation, and an increase in gesatilon temperature. Although temperatures
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above gelatinisation temperature are applied, tdrels does not gelatinise during HMT. This
is attributed to the restricted amount of watet tiemluces the molecular mobility and thus
prevents gelatinisation (Tester & Debon, 2000). Theay diffraction pattern of B-type
crystalline starches is changed from the B- toQHgpe, i.e. a formation of B-type cells to A-
type cells occurs (Banks & Muir, 1980; Stute, 1992pbnsequently, starches with B-type
crystallinity are much more sensitive to HMT thatarehes with C-type and A-type
crystallinity (Stute, 1992). DSC measurements dtimoisture treated starches result in a
shift to higher gelatinisation temperatures, brogmaks and lower gelatinisation enthalpies.
Additionally, sorption isotherms of heat-moistureated starches exhibit a shift to lower
relative humidity (Stute, 1992).

Annealing is defined as a physical reorganisatibrstarches in excess water at
temperatures below gelatinisation temperature bov@ the glass transition temperatugelT
is a process that retains granular structure aiginal order (Jacobst al, 1998; Tester &
Debon, 2000). As upon HMT, a rise in gelatinisattemperature andgTcan be observed
upon annealing (Stute, 1992; Tester & Debon, 20Aaditionally, the homogeneity of the
starch increases as indicated by narrower DSC pe&iikse X-ray patterns of native and
annealed starches are unchanged, the crystal $yywelbas the crystallinity appears to remain
unaltered (Stute, 1992). However, small angle Xgegttering studies reveal a lower electron
density either in the crystalline or amorphous @agiof the starch granule as indicated by
more pronounced peaks. The repeat distance ofryiseatline and amorphous lamellae stays
unmodified as implied by unchanged peak positidasgbst al, 1998).

The granule swelling and acid hydrolysis are redulog annealing. The enzymatic
hydrolysis of annealed in respect to native staydsereduced with amyloglucosidase and
enhanced witho-amylase. Although amorphous and crystalline lameelbecome more
ordered, it appears as if the accessibility ofdherphous regions by enzymes is generally
facilitated (Tester & Debon, 2000).

2.3 High hydrostatic pressure

At the turn of the last century the capability agth hydrostatic pressure to preserve
milk in combination with moderate temperatures ¢Hit899) and to denature egg albumin

(Bridgman, 1914) has been discovered. Since thed, ta lot of research has been carried out
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in the field of high hydrostatic pressure procegsamd many useful and pressure specific
applications have been found. One of those uiitieat of high pressure is the pressure-
assisted heating, especially of immiscible foodeere the temperature is increased almost
homogeneously throughout the product due to thé dleeompression. By this, one of the
major drawbacks of conventional heating, whereténeperature of the boundary layer of the
product exceeds critical temperatures in ordee&eh the sufficient temperature for microbial
inactivation in the centre of the product, can lweroome (Heinz & Knorr, 2002). High
hydrostatic pressure is also a potential tool @ improvement as well as the generation of

textural properties of food products.

2.3.1 Fundamentals

High hydrostatic pressure treatment is carriedbatthwise or semi-continuously. The
packed product is inserted into a cylindrical, lalloy steel vessel and pressure is built-up
directly or indirectly. For direct, piston-type cpnession, the pressure medium inside the
vessel is pressurised by a piston driven by a lmggure pump at the large diameter end of
the piston. The pressure is transferred into theseleby the small diameter high pressure
vessel end of the piston where high pressure isrgégd by multiplying the low pressure by
the ratio of the two piston diameters. For indingetssurisation, a high pressure intensifier is
used to pump pressure medium from a reservoirtirgalosed high pressure vessel. Thereby
the same hydraulic principle of pressure generaisoutilised by the intensifier as by the
piston for the direct pressurisation (Deplace & tdes, 1992).

Requirements for the packaging materials for higlrbstatic pressure treatment
include flexibility, pressure tightness, heat sbéity, by pressure unmodifiable mechanical
and gas barrier, and non-toxic, aromatic-proof sawitary properties (Masudsd al, 1992;
Ochiai & Nakagawa, 1992).

Due to a resulting volume decrease upon pressionsaany phenomena such as
chemical reactions, phase transition or molecuwafiguration changes that are accompanied
by a volume reduction are enhanced by high hydiiogtaessure according to Le Chateliers
Principle. Consequently, high pressure affects emralent bonds (hydrogen, ionic and
hydrophobic bonds) and some specific covalent b¢hewariet al,, 1999).

The compression of the pressure medium and the fwoduct is accompanied by
heating, an increase in temperature of about 2-B00/MPa occurs at adiabatic conditions. If

it is aimed for isothermal conditions, the pressuessel can be temperature controlled in
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order to dissipate heat upon compression and supay upon decompression. Otherwise a
temperature field is formed because of slow heatlgotion in comparison to a fast impulse
transport of pressure acting uniformly throughdwe vessel (Pfisteet al, 2001). It is thus
useful to integrate an indicator into the vessait thot only gives information about the
pressure applied but also about the temperaturditemms during the process.

2.3.2 Pressure time temperature integrator

With the growing demand in nutritionally valuableesh-like foods, conventional
heating is no longer regarded sufficient to fufdnsumers’ demands because heating of
potentially sensitive foods might lead to undesichdnges in their nutritional, functional and
organoleptic quality. Consequently, non-thermaloi¢amination methods for pasteurisation
and sterilisation, which minimise the destructimduence of heat, are developed (Knorr &
Heinz, 2001). Altogether, a microbiologically s@ieessure treatment is possible (Sre¢lal,
2002), for example Yen and Lin (1996) observed thetva puree treated at 600 MPa at 25°C
for 15 min retained good quality after storage &€ 4or 40 days and Ogawet al. (1992)
found that citrus juice pressurised at 400 MPa0&dC4for 10 min was not spoiled during 2 to
3 months storage. However, control indicators ddpwn on pressure, temperature and
treatment time must be integrated into the protess/aluate the high pressure process and
thus ensure microbiological safety and stabilityhaf product and obtain regulatory approval.

In thermal processing the impact of the heat treatns quantified by the application
of so-called time temperature integrators (TTIsheJe are heat sensitive components
extrinsic or intrinsic to the food product that bleameasuring directly and quantitatively the
impact of the process without knowledge of the alctoermal history (Claeyst al, 2003).
Such concepts are also required for pressure @eses

Claeyset al. (2003) investigated whether intrinsic componemntssent or formed in
milk enabled a direct and quantitative measureroétite impact of the pressure temperature
process applied acting as pressure time temperati@égrator (PTTI). The authors concluded
that the data available regarding high pressurecgaing of milk was insufficient.
Furthermore, Minerich and Labuza (2003) developguessure indicator for high pressure
processing comprised of a compressed powdered cagpket decreasing in density with
increasing pressure and increasing treatment thoesignificant impact of temperature on

the copper density was found which limits the aggilon of the copper tablets as PTTIs.
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2.3.3 Pressurisation of starch suspensions

Accessorily to the thermal gelatinisation, the tailgse order of starches can also be
destroyed by mechanical means such as plasticrdafmm due to milling e.g. in a swing mill
(Meuseret al, 1978) and high hydrostatic pressure treatmermnr, 1984). A high pressure
treatment up to 150 MPa increases the gelatinisaggémperature (Theveleiet al, 1981),
above 150 MPa the gelatinisation temperature isedsed (Muhewet al, 1982). Muhr and
Blanshard (1982) found a gelatinisation of wheardt in excess water at ambient
temperature and 450 MPa. The pressure range inhvgetatinisation occurs is typical for
each starch (Stutet al, 1996) and partly depends on their crystallinecitre e.g. B-type
starches are more resistant to pressure than A€aggde starches (Muhr & Blanshard, 1982;
Ezaki & Hayashi, 1992; Stutt al, 1996; Rubenst al, 1999).

Snauwaert and Heremans (1999) and Rule¢rs. (1999) observed pressure-induced
starch gelatinisation in situ in a diamond anvil,d@ouzalset al. (1996) in a high pressure
microscope. The authors discovered swelling of chtagranules during pressurisation.
Douzalset al. (1996) also observed further swelling of the glasiiLe. an increase in granule
volume after pressure release. The authors alsrteet a decrease in volume of the starch
suspension during pressurisation, which partly reethafter pressure release, and assumed
that starch molecules linked with water occupy kdsme than suspended in pure water and
therefore the granule hydration would be prefeaténtinder pressure according to Le
Chateliers Principle. Douzaét al. (1996) also viewed pressurisation of iodine sthis&rch
granules and observed a decolouration of the sweliernels which was regarded as an
indication of starch melting.

Rubens et al. (1999) proposed a two step-mechanism for predadieed
gelatinisation similar to the thermal gelatinisatfirocess (Svensson & Eliasson, 1995). In the
first step the amorphous regions were hydratedimgus swelling of the granules and a
distortion of crystalline regions and in the secstep of pressure-induced gelatinisation, the
crystalline regions became more accessible to watens under pressure a hydration of
starch occurred before changes in crystallinitycpealed during gelatinisation.

As depicted in figure 2.9, the pressure-inducedatgesation and the thermal
gelatinisation differ in other respects e.g. evidby different rheological properties and
microstructure of the starches (Steit al, 2001). Typical for most pressure-gelatinised
starches e.g. as for wheat starch is the limiteellswy of the melted granule (up to twice in
diameter) and the maintaining of the granular attera(Fig. 2.9). However, tapioca starch

exhibits an exceptional swelling behaviour expagdiix fold in diameter at 600 MPa. (Stute
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et al, 1996). Furthermore according to Douzetisl. (1998) there is only little and after Stute
et al. (1996) and Stolet al. (2001) sometimes even no amylose release. Presdustarch
suspensions are more condensed, with a differetérwanding capacity (Douzalst al,
1998). X-ray diffraction patterns of untreated gmessurised A-type starches in the presence
of water show a transformation from the A- to thaéyBe X-ray diffraction pattern (Hibét

al., 1993; Katopeet al, 2002).
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Fig. 2.9 Wheat starch ’suspensions (5 % w/ w, X 400) ngayel5 min at 500 MPa, 20°C
(b), 15 min at 0.1 MPa, 90°C (c).

Moreover water plays an important role in the hpglassure-induced gelatinisation of
starches. Suspended in alcohol even at very higbspres (up to 3 GPa) starch granules do
not swell (Snauwaert & Heremans, 1999). Katepal. (2002) suggested that ethanol had a
space filling effect stabilising the crystalliniyf starches. And according to Stuté al.
(1996), a high moisture content is required foraulhigh pressure gelatinisation. Other
process parameters besides water content and fypwarch influencing the gelatinisation
procedure are pressure, temperature and treatimment t

High hydrostatic pressure also influences the textdi starch suspensions or gels. The
storage moduli of 10 % potato starch suspensiod&6 barley starch suspensions increase
with increasing treatment time at constant pressurgil a constant G” value is reached. And
the higher the applied constant pressure, the rfabe storage modulus increases with
increasing treatment time (Stat al, 2001; Michel & Autio, 2003). For waxy maize starc

suspensions, the storage modulus first increaseshem decreases at pressures above 500
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MPa with increasing pressurisation time (Sttdltal, 1999). The authors therefore assumed
that excessive pressurisation weakens the strudiureaxy maize starch gels. Stat al.
(2001), investigating the effect of high pressunebarley starch suspensions with increasing
treatment time, determined that consistency indeelting enthalpies and DSC peak
temperatures increased with increasing pressurepaessurisation time. Consequently, a
relationship between physical starch propertiespaadsure and time has been observed.

Hayashi and Hayashida (1989) reported an increassthse digestibility of pressure-
treated wheat starch at elevated temperaturesveekat alkali treated starch. However, they
also discovered the formation of a new, amylasestagg starch structure during long-term
pressurisation (17 h). The glucoamylase digediybilate of pressurised starches was also
enhanced at elevated temperatures analysed immlgdiafter pressure treatment and
compared to raw starches but did not differ notaigljative to thermally treated starches
(Takahashet al, 1994). However, the overall glucose yield by amgjdicosidase hydrolysis
of gelatinised wheat starches was considerably awgat by pressure-induced gelatinisation
compared with thermal gelatinisation (Sekhial, 2000). Ezaki and Hayashi (1992) observed
a slower retrogradation of pressurised starchesnmparison to thermally gelatinised starches
determined by enzyme digestibility and iodo-stardiction. These results were in accordance
with findings made by Douzalgt al. (1998). They discovered a quantitatively lower
retrogradation of pressure-induced wheat starch gigbwing to be less sensitive to ageing
and less sensitive to storage conditions known edfdvourable for starch retrogradation
(4°C). This could open up novel applications ofsstee treated starches in bread to reduce
bread staling. On the other hand, Stolt et al (208served comparable retrogradation
behaviour of heat-induced and pressure-inducedclstagels. DSC-investigations of
pressurised wheat starch revealed the developri@ntatrogradation peak showing a faint B-
pattern after a pressurisation step leading t@#seimption of a rapid retrogradation during or
instantaneously after the high pressure treatmenitt€ et al, 1996). Katopoet al. (2002)
presumed that a pressure-induced rearrangemenpubfalhelices had occurred in the A-type
starch represented by this additional peak. It Wasefore interesting whether the starch
fraction causing this additional DSC peak obsernemhediately after pressurisation by Stute
et al. (1996) and Katopet al. (2002) contributed to the resistant starch (R®)texat and thus

could prove high pressure to be a feasible altemédr the RS production.
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2.4 Resistant Starch

2.4.1 Definition and properties

Several studies have demonstrated that thereteg@hdraction resistant to enzymatic
digestion in the small intestine (Englyst & Macéaré, 1986; Englyst & Cummings, 1987;
Asp et al, 1992; Tovart al, 1992; Faisanét al, 1993). The research group of EURESTA

(European Resistant Starch research group)

defined resistant starch (RS) as the sum of starch N
and products of starch degradation not absorbed 5_1‘.9 @ "%ﬂ
in the small intestine of healthy individuals (Asp,

1992). RS is further partitioned in physically

inaccessible starch (RS 1), in resistant starch—; : .
Fig. 2.1Q Schematic depiction of RS 1,

granules (RS 2), in retrograded starch (RS 3), ofRS 2 and RS 3 (Cerestar, 2003).
which only retrograded amylose is totally

resistant (Fig. 2.10; Englyst & Macfarlane, 198épgkyst & Cummings, 1987; Englyst al,
1992; Englystet al, 1996) and in chemically modified starch (RS 4jofgn et al, 1995).
Analyses indicate that RS consists of crystallisedar, unbranched, short-chainglucans
(DP approx. 60-65) (Berret al, 1988; Siljestromet al, 1989). Since amylose-lipid
complexes significantly reduce the availabilityoteamylase, an interrelation of complexation
with lipids and resistant starch formation is assdnbut it is verified that amylose-lipid
complexes are not involved in the formation of B&yert & Pomeranz, 1989; Siljestréh

al., 1989). However, it was discovered that a remafdipids from the starch resulted in
higher RS vyields. This is probably due to an insee®f lipid-depleted “free” amylose
crystallised (Berryet al, 1988; Cerlettiet al, 1993). Derived from heat treated starches, RS
displays endothermic transitions between 120 and@in DSC studies that seem to be due
to melting of recrystallised amylose (Sievert & Rwamz, 1990). RS exhibits a B-type X-ray
diffraction pattern at low retrogradation temperatuand a mixture of A-type with B-type or
V-type pattern if retrograded at high temperaty@s°C) (Siljestromet al, 1989; Sieveret

al., 1991; Eerlingert al, 1993b; Shamaat al, 2003).

Ranhotraet al. (1996a) investigated the energy value of RS wiiis as test models
and concluded that RS provided no energy, whereathdvs (1992) and Behall and Howe
(1996) calculated the mean energy value of RS t8-Béb and 11.7 kJ/ g RS, respectively.
Additionally, RS is tasteless, has no satiatingaffand acts as a mild laxative (Watzl &
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Leitzmann, 1999; Rosslet al, 2002). Nevertheless, RS has several beneficathheffects.
Intake of RS improves the intestinal flora by redgcintestinal pathogen levels and
promoting colonisation of lactobacilli and bifidattaria, elevates colonic butyrate levels,
stimulates the immune system, and reduces enetaglgeinvhen substituted for normal starch
(Brounset al, 2002). A RS containing diet may also reduce thle of colon cancer due to
the production of high amounts of butyrate (WatzL&tzmann, 1999; Brounst al, 2002;
Puupponen-Pimiat al, 2002). Schulzt al. (1993) stated that RS2 enhanced the magnesium
and calcium absorption in rats. Ranhadtaal. (1996b) found lowered serum total cholesterol
and lowered serum triglyceride levels but alsoeased liver cholesterol and liver lipid levels

in hamsters at a high level of intake of RS.

2.4.2 Resistant starch production

Lilieberg Elmstahl (2002) determined the RS contefrdtarchy foods on the Swedish
market and estimated an average daily RS intak®2gf in a Swedish diet. Due to its health
benefits, it was aimed to develop a RS productimtgss and thus to enhance the RS content
in food. Beforehand a standardised determinatiothosehad to be invented and validated.
Severalin vitro methods were utilised (Englyst al, 1982; Berry, 1986; Bjorckt al, 1987;
Englystet al, 1992; Saura-Calixtet al, 1993; Englyset al, 1996; Gai et al, 1996) before

Mc Cleary and co-workers developed an official AOA@thod for the determination of RS
in plant and starch materials (McCleary & Monagh2802; McClearyet al, 2002). This
method was applied for our experiments.

The increase of RS content in starches is basedhenrecrystallisation, i.e.
retrogradation of amylose subsequent to thermaltipedation. A favoured approach for the
enhancement of RS content was an autoclaving steptp cooling and/ or drying (Berry,
1986; Berryet al, 1988; Siljestronet al, 1989; Eerlingeret al, 1993a; Escarpat al, 1996;
Shamaiet al, 2003). Sievert and Pomeranz (1989) further irsgddhe RS yield by up to 20
autoclaving-cooling cycles. Another proceeding foe RS production was an enzymatic
debranching of gelatinised starch or starch degi@daroduct followed by a drying step
(Chiu et al, 1994; Kettlitzet al, 2000). Factors influencing the yield of RS wehe t
gelatinisation temperature, treatment steps aliettie chemical composition of the starches
like defatting and debranching by acid hydrolysis enzyme hydrolysis, the storage

temperature, the storage time, and combinationseatments e.g. freeze-thawing, freeze-
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drying, annealing subsequent to acid hydrolysis aatbclaving-storing-cycles (Sievert &
Pomeranz, 1989; Eerlinget al, 1993a; Vasanthan & Bhatty, 1998; Chuwgial, 2003).

2.5 Aim

The main intention of this work was to gain knowgedof the impact factors and
mechanism of pressure-induced starch gelatinisaitfowheat, tapioca, and potato starches,
differing in pressure sensitivity. This includechfiamental research on the pressure-induced
starch gelatinisation, i.e. the influence of tenapare, pressure and pressurisation time, and a
pressure-temperature phase diagram was to be ¢gthdrathis regard it was further aimed to
determine the applicability of pressure-inducedc$tayelatinisation of starch suspensions as a
pressure time temperature integrator (PTTI).

With the assistance of the newly developed HPDShHRgessure Cell (Hartmaret
al., 2003) in combination with a microscope, it wased to validate the efficiency of this
high pressure cell for monitoring pressure-industch gelatinisation and furthermore to
gain visual insight into the process of pressudetoed starch gelatinisation.

Since the determination of degree of gelatinisatignloss of birefringence via a
microscope is time consuming and laborious, it searched for quicker and easier ways to
measure starch gelatinisation. Although the uselexdtrical conductivity to monitor thermal
gelatinisation of starches is well established (@vamd Sastry, 1997; Karapantsiesal,
2000; Chaiwanichsiret al, 2001; Sakonidowet al, 2003), it was unknown if this method
could be applied to the measurement of pressungcedl starch gelatinisation due to the
retention of the granular character and becauseadeen conductivity of a starch suspension
with increasing temperature was attributed to anredlease and to amylose leaching out of
the granule. In this work it was aimed to find owhether electrical conductivity
measurements could be applied to pressure-indueechsgelatinisation of wheat, tapioca,
and potato starch suspensions despite the diffegalgtinisation process under high
hydrostatic pressure as compared to thermal geation and whether a possible change in
electrical conductivity and the gelatinisation prss caused by high hydrostatic pressure
treatment of starches corresponded.

In addition to process parameters such as tempergbwessure and pressurisation
time, the effect of water content and of severdissand sugars on the pressure-induced

gelatinisation of wheat starch, tapioca starch pathto starch was to be examined. The

28



Literature review

possible change in pH with increasing pressure elsag with increasing salt concentration
was neglected. Since the number of equatorial lydirgroups of sugars had shown to
influence thermotolerance and barotolerance oftyaad proteins (Uedaira & Uedaira, 1980;
Tamura, 1999), it was intended to investigate thpact of number of equatorial hydroxyl
groups of several sugars on the pressure sengitdfit starches suspended in water.
Furthermore the influence of sodium chloride, ottldorides and potassium and sodium salts
on pressure induced starch gelatinisation was foustigated.

It was also aimed to gain insight into the resisstarch (RS) formation of pressure-
gelatinised wheat starch and to find treatmentgsses in combination with high hydrostatic
pressure which enhanced the content of wheat stantiponents resistant to digestion in the
small intestine, especially in comparison to mertéigrmal treatment processes. In this
regard, it was searched for a treatment proces$sdimg pressurisation that produced higher
amounts of RS than a comparable RS production psoeéhout a high hydrostatic pressure
treatment.

The statements in literature regarding the retafian behaviour of pressurised
starches were contradictory, but a patent spetificaclaiming a decreased firmness of
pressurised starch containing bread upon storagelof@li, 2004) was found. It was
therefore aimed to prove and if possible verify ¢tk@ms made in this patent specification in

order to show potential applications of pressuristadch in foods.
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3 MATERIALS AND METHODS

3.1 Starches

The starches utilised included potato starch, wistatch (both from Overlack,
Monchengladbach, Germany), and tapioca starch (Waid Import & Export Co., Ltd.,
Bangkok. Thailand). Distilled water was used fa greparation of starch suspensions.

The commercial starches (Prejel VA70T, Ultra-Texristant Clearjel E, &Hiform
12742, Paselli P) used to evaluate the generatisarption isotherms were a kind gift of Dr.
R. Stute.

3.2 Chemicals

Glucose was purchased from Sigma (St. Louis, MOA)J3actose from Oxoid
(Basingstoke, U.K.), melibiose from Schuchardt (lien, Germany), melezitose from Serva
(Heidelberg, Germany), and fructose, sucrose, g@ac mannose, maltose, sodium chloride,
calcium chloride, lithium chloride, caesium chlajdootassium chloride, potassium iodide,
potassium thiocyanate, potassium bromide, sodiulphate and sodium hydroxide were
purchased from Merck (Darmstadt, Germany). Trelaloms a kind gift from Cargill

(Vilvoorde, Belgium).

3.3 Starch analysis

3.3.1 Specific density
The specific density was measured using the pyctrameethod by a Multivolume
Pycnometer 1305 (micromeritics, Norcross, GA, UaAjhe department of food quality and

material science, Berlin University of Technology.

3.3.2 Moisture content
The moisture content, and thus the dry matter cionteas determined by gravimetric
differences before and after 5h at 105°C in oven @060 (Heraeus Instruments, Hanau,

Germany).
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3.3.3 Ash content
The ash content of the starches was quantifiedrditgpto EN 1SO 3593 (1994) using

the oven M104 (Heraeus Instruments, Hanau, Germany)

3.3.4 Fat content
The fat content was quantified according to EN E8@7 (1994).

3.3.5 Amylose content
The amylose content of the starches was determisegd) the amylose/ amylopectin

assay kit by Megazyme (Bray, Ireland).

3.3.6 Sorption Isotherms

Sorption isotherms of native, pressure-gelatinisattl freeze-dried, and heat-
gelatinised and freeze-dried starches were idedtiby a static gravimetric method. The
starch samples were weighed, placed for at leastethweeks in air-tight desiccators
containing saturated salt solutions providing cantelative humidity environments at room
temperature, and again weighed when equilibrium rgashed. The moisture contents were
calculated from differences in weight based ondityematter content (Ch. 3.3.2). The relative
humidity of each saturated salt solution was emthét using thermoconstanter novasina
(MT-Technologies Mel3technik GmbH, Gummersbach, Gegpand is shown in table 3.1.

Tab. 3.1 Relative humidity of saturated salt solution2atC

Saturated salt solution Relative humidity [%]
PG 1.9

LiCl 11.4

MgCl, 34.2

Mg(NOs), 53.3

NaCl 74.2

KCI 83.8

KSO, 98.7

Complete pressure-induced gelatinisation of 5 % \Wy/starch suspensions was
achieved by a pressure treatment at room tempertiud5 min at 500 MPa for wheat starch,
at 700 MPa for tapioca starch, and at 900 MPa fotatp starch, and total thermal
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gelatinisation was accomplished by a heat treatfmntl5 min at 90°C with continuous

manual stirring. The pressure-gelatinised and th#yngelatinised starch suspensions were
freeze-dried using the Freeze-Dryer Modulyo (Edwar8Bussex, UK). Potassium sulphate
was purchased by Carl Roth (Karlsruhe, Germany)other salts were obtained by Merck

(Darmstadt, Germany).

3.3.7 Water binding capacity

The water-binding capacity of starches and stanebpensions was determined
according to Medcalf and Gilles (1965) using a &8rfRC-5B Refrigerated Superspeed
centrifuge (Du Pont Instruments, Bad Homburg, Geryha

3.3.8 Thermoanalytic investigation

The thermal properties of native, dry starchesewaetermined by non-isothermal
thermogravimetry (TG) combined with differentiaktinogravimetry (DTG) and differential
scanning calorimetry (DSC) at the department ofdfgoality and material science, Berlin
University of Technology. The analysis was perfadmgy a STA409C (Netzsch, Selb,
Germany) with a heating rate of 10 K/ min in a tengure range from 0°C to 450°C in a

platinum pan under anaerobic nitrogen atmosphere.

3.3.9 X-ray analysis
X-ray analysis of native starches and freeze-dstadch samples was performed at the
Rheinische Friedrich Wilhelms-Universitdt Bonn, Rhazeutische Technologie with a

wavelength of 1.54 A, a scanning speed of 0.@& ¥and a scanning region of 5-4%°2

3.3.10 Degree of gelatinisation

The pressurised starch suspensions were analysétefodegree of gelatinisation by
loss of birefringence via a microscope (Eclipse G&40ikon, Tokyo, Japan) and by means of
their electrical conductivity via a conductivity tee (LF 323, WTW, Weilheim, Germany).
All measurements were carried out at least in daf@#is and for the determination of degree

of gelatinisation by loss of birefringence minim@@0 granules were counted.
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3.4 High hydrostatic pressure treatment

Directly before the pressurisation step the samplere thoroughly shaken, quickly
inserted into the vessel and pressurised in ordeminimise sedimentation and avoid
inhomogeneity throughout the sample. It was abaadao add thickeners such as heat-
gelatinised starch in order to increase the visg@sid thus prevent sedimentation, because it
was discovered that the reduction of free wateladeg the pressure-induced gelatinisation
process. Therefore, sedimentation could not beedptprevented but was neglected due to

the good reproducibility of the results.

3.4.1 High pressure multivessel apparatus

Samples of approximately 1.5 ml were filled in Nu@ryoTubes (Nunc A/S,
Roskilde, Denmark) and pressurised in a high pressaultivessel apparatus U111l
(Unipressequipment, Warsaw, Poland) enabling opeyatressures up to 700 MPa and being
equipped with a temperature control (Huber CC 2#tbath, Huber Kéaltemaschinen GmbH,
Offenburg, Germany) generating temperatures betweés and 150°C. The pressure build-
up was performed in approximately 12 s/ 100 MPa,dressure release took about 17 s/ 100
MPa, and the pressure transmitting medium wasosiliail (type 6163, Huber, Offenburg,
Germany).

The apparatus contains five high pressure vesablmerged in the oil bath and each
separately connected with the high pressure purhs dllows pressure treatments at five
different pressures for varying treatment timeghat same temperature. The high pressure
system of the apparatus consists of a high predsteasifier, eleven manually operated
valves (SITEC, Maur/ Zirich, Switzerland), connesta@apillary tubes and a hydraulic power
unit (Mannesmann Rexroth Polska Ltd., Warsaw, Rblamomposed of a radial piston oil
pump, an electric motor controlled by a generappse Inverter Freqrol (Mitsubishi, Tokyo,
Japan), a block of hydraulic valves and an oil taatk filter.

This apparatus was utilised for the generationhafsg diagrams of wheat and tapioca
starches, for the examination of pressure-temperdime relationships on the degree of
gelatinisation, and for the influence of sugars saits on starch gelatinisation.

3.4.2 High volume-pressure unit | (National Forge)
For experiments requiring higher volumes, e.g. wdtieding capacity, electrical
conductivity and production of RS, approx. 150 gwdfeat and tapioca starch suspensions
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were sealed in polyethylene coated aluminium baglspaessurised in a high pressure vessel
(National Forge, St. Niklaas, Belgium) with a maxim operating pressure of 550 MPa, a
volume of 800 ml and equipped with double-actingnpuP100-05CX-01 (Hydro-Pac Inc.,
Fairview, PA) and a temperature control (Haake waégh, Karlsruhe, Germany) generating
temperatures between 0 and 80°C. The pressurelguieas performed in approximately 7 s/
100 MPa, the pressure release took about 17 SMEZ0

3.4.3 High volume-pressure unit Il (Unipress)

For measurements requiring higher volumes and pressabove 550 MPa or
generally pressures above 700 MPa, pressurisatsncanducted by the high pressure single
vessel apparatus U400 (Unipressequipment, Warsaland@® with a maximum operating
pressure of 1,000 MPa, a volume of approx. 0.75dl @ theoretically operable temperature
range of —25 to 100°C. This unit is composed ofphdsic pressure build-up with the initial
pump for pressures up to 600 MPa and the intengfienp for the pressure build-up in the
second phase from 600 to 1,000 MPa in combinatiath va pressure intensifier
(transformation ratio 1:16). Up to 600 MPa, pressouild-up took about 5 s/ 100 MPa (30 s
from 0.1 to 600 MPa), above 600 MPa it took abdus2100 MPa (200 s from 0.1 to 950

MPa). Pressure release occurred within about 2 s.

3.4.4 In situ analysis with a high pressure cell

The high pressure cell connected with a microsaspescribed in detail elsewhere
(Hartmannet al, 2003) and consisted of an inverse light microsc@ieica DM IRB HC,
Germany), a CCD-camera (Basler, Germany) and tH2SHgh pressure cell connected to a
screw press. A computer with image analysis sofwaquinto AG, Germany) was coupled
with the camera in order to evaluate and archieepibtures recorded.

Unstained and potassium iodide-iodine stained Istatuspensions were filled in the
HPDS cell onto the microscope stage as describetidrymann, Pfeifer, Dornheim, and
Sommer (2003) and during pressure build-up pictwe® taken at 50 MPa intervals. At 300
MPa the pressure was held for one hour, while pstwere taken about every 10 min. In the
process of pressure release again pictures weeae @k50 MPa steps. Back at atmospheric
pressure the granules were observed another 1Qardetect whether further changes had
occurred. The pressure build-up and the decommressquired about 7 min, respectively.
All experiments were performed at least in dupBsaat room temperature. The temperature
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increase due to pressure generation is negligibleg the heat is dissipated through the body
of the high pressure cell during the slow pressuwitel-up.

The potassium iodide-iodine solution (Lugols salnji consisted of 0.2 g iodine
(Sigma, Deisenhofen, Germany) and 2 g potassiumleofMerck, Darmstadt, Germany) in
100 ml distilled water.

3.4.5 Statistical evaluation

The statistical evaluation of the impact of pressand temperature on the degree of
gelatinisation of starch suspensions (5 % w/ w) vpesformed using the software
Statgraphics 4.1 at the institute of food qualibd anaterial science, Berlin University of

Technology. Multifactor analysis of variance wass#n as evaluation tool.

3.5 Resistant starch production

3.5.1 Gelatinisation

For high pressure treatment, approx. 150ml of 5w%w) wheat starch suspensions
sealed in polyethylene-coated aluminium bags wesespirised in a high pressure vessel (see
3.4.2) at 500 MPa for 15 min at room temperatuB3C5 58°C, and 66°C. Pressure build-up
was performed in 35 s, pressure release in 85 s.
Thermal gelatinisation was carried out in a watathbat 90°C for 15 min with continuous
manual stirring. Total gelatinisation was achiewadter both treatments, respectively, as

ascertained by microscopic investigation.

3.5.2 Thermal Treatments

Subsequent to gelatinisation, samples of the s&uspensions were annealed at 40°C
for 24 h or 96 h and at 52°C for up to 240 h in atex bath, cooled and stored at room
temperature or at 6°C in a refrigerator, or froaer20°C. Gelatinised, frozen samples were
freeze-dried by Freeze-Dryer Modulyo (Edwards, 8xsBK) at 0.06 mbar and —50°C.

3.5.3 Hydrolysis
Enzyme hydrolysis of high pressure treated wheatstwas accomplished according
to Vasanthan and Bhatty (1998) at 42°C using patlate (Megazyme, Bray, Ireland).
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High pressure treated wheat starch was also adadolyged at 45°C after Vasanthan and
Bhatty (1998). A treatment time of 30 min was chosice it resulted in the highest yields in
RS (Vasanthan & Bhatty, 1998). After hydrolysis gtarch suspensions were dried at 30°C

over night in an oven.

3.5.4 Pressure-annealing cycles

Up to ten pressure-annealirgycles of untreated, acid hydrolysed, and enzyme
hydrolysed starches were performed with a 15 miessure treatment (500 MPa, room
temperature) followed by annealing (23 h 45 mit (&2

3.5.5 Resistant starch analysis

The RS content of all samples was determined aowprtb the AOAC 2002.02
method (McCleary & Monaghan, 2002) usiogamylase (Sigma, Mannheim, Germany),
amyloglucosidase (3300 U/ ml) and the glucose akgag-GLUC (both Megazyme, Bray,
Ireland). The method was validated by a sample aitknown RS content (€ActiStar)
which was a kind gift from Cargqill/ Cerestar (Vileae, Belgium).

3.6 Bread baking

3.6.1 Recipe and baking procedure

Pouches containing 150 ml of wheat starch suspesgi0 % w/ w) were pressurised for 15
min at 600 MPa. Bread dough without and with presgelatinised wheat starch replacing 5
% of the flour was prepared according to the rexipetable 3.2. The solid components were
mixed and simultaneously tempered for 2 min at 30ACa Farinograph (Brabender,
Duisburg, Germany), then the ascorbic acid solutipressure-treated starch suspension
tempered at 30°C contingently on the recipe, anttm@mpered at 30°C were added until
500 FU were reached. The dough was kneaded fon&at80°C in the farinograph at 63 rpm,
afterwards the dough was rested for 15 min at 3&&r the first rising, each dough was
divided into two equal parts (~ 250 g), each portieas machine shaped with 15 turns and
put in spray-greased pans, the dough was agaiwedldo rise for 30 min at 35°C (second
rising), and finally baked for 20 min at 210°C ding the application of steam.
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Tab. 3.2 Recipes for bread dough with and without higrspuee-gelatinised wheat starch
Ref. 1 Ref. 2  Starch 1 Starch 2

Flour type 550 [g] 300 300 285 285
Yeast [g] 15 15 15 15
Sodium chloride [g] 4.5 4.5 4.5 4.5
Sugar [g] 3 3 3 3
Peanut fat [g] 3 3 3 3
Malt flour [g] 1 1 1 1
Ascorbic acid solution (0.2g/ 100 ml) [ml] 3 3 3 3
Water (30°C) added up to 500 FU [ml] 180 189 59 60
Starch suspension (15 min, 600 MPa, 10 %) [g] 0 0 150 150

FU — Farinograph units

3.6.2 Texture analysis

The cooled down loafs of bread were sealed in iplagsbuches and stored at room
temperature. One and five days after baking, aitexanalysis with a Texture Analyser TA-
XT2 (Stable Micro Systems, Godalming, UK) was perfed two times on two stacked slices
out of the centre of the bread loaf (speed 2.0 syrdistance 7.0 mm, one-time repetition after
5 s, trigger force 1.0 g), respectively. One lohEach set was examined one and five days
after baking, respectively, and information abaunhess (first peak height) and elasticity

(second peak area over first peak area) was oldtaine

37



Results and discussion

4  RESULTS AND DISCUSSION

4.1 Starch properties

The wheat, tapioca, and potato starches were athfgs their chemical composition,
as well as by DSC, by X-ray diffraction analysigddor their water sorption behaviour in
order to become acquainted with the raw materidl tanunderstand and infer observations

made upon pressurisation from the properties ofthrches if possible.

4.1.1 Starch composition

The chemical composition and the specific densityhe starches used are given in
table 4.1. Potato starch had the highest water elk ag ash content while wheat starch
exhibited the highest amylose content and contatinedhighest amount of lipids. This was in
accordance with starch compositions as statedarature (see table 2.1). While the specific
density of wheat and tapioca starch was identibt&,specific density of potato starch was
slightly lower.

Tab. 4.1 Properties and composition of the starches used

Starch type Wheat Tapioca Potato
Specific density [g/ cm3] 1.506 1.506 1.472
Water content [%0] 12.690 13.160 19.076
Amylose content [%] 24.246 17.720 18.540
Fat content [%0] 0.127 0.014 0.008
Ash content [%] 0.180 0.090 0.290

4.1.2 X-ray analysis

Wheat, tapioca and potato starch were analysed-kgyXiffraction analysis and the
resulting spectra are given in figure 4.1 a-c. Ascgpated, wheat starch (Fig. 4.1 a) exhibited
a diffraction pattern typical for predominant A-g/prystallinity, which was characteristic for
cereal starches, with strong peaks at 15.19, 17883, and 22.86 & (5.83, 5.18, 4.92, and
3.89A), a medium peak at 20.06®Z4.43A), and weak peaks at 9.51, 11.49, 26.69, and
30.36 °® (9.30, 7.70, 3.34, and 2.94 (Zobel, 1964 and 1988).
The X-ray diffraction pattern of tapioca starch idéegd in figure 4.1 b also featured a curve
characteristic for A-type crystallinity with stromgaks at 14.85, 17.23, 18.12, and 22.90 °2
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(5.97, 5.15, 4.90, and 3.832) and weak peaks at 9.55, 11.30, 20.08, 26.57,3@ntR °®
(9.26, 7.83, 4.42, 3.36, and 2.Q7 (Zobel, 1964 and 1988). Except for the lowermsity of
the peak at 20.08 & (4.42 A), the diffraction pattern of tapioca and wheatrdias were
virtually congruent. It was expected to obtain &raction pattern representing C-type
crystallinity for tapioca starch according to Zol#964) and Stutet al. (1996), but in other
papers (Stute, 1985; Moorthy, 2004) it is stateat thpioca starches can exhibit both either
A-type or C-type crystallinity.

The X-ray diffraction pattern of potato starch sinoww figure 4.1 c exhibited B-type
crystallinity, typical for tuber starches in gerlerand potato starches in particular,
characterised by a strong peak at 17.10 (5.19A), medium peaks at 5.76, 14.34, 19,75,
22.30, and 24,09 ® (15.35, 6.18, 4.50, 3.99, and 3.1&@, and weak peaks at 9.56, 11.67,
26.77, and 34.52 ®(9.25, 7.58, 3.33, and 2.60 (Zobel, 1964 and 1988).
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Wheat, tapioca and potato starches were chosehdanvestigations of the effect of
pressure treatments on starch suspensions dueitoadsumed crystal structure, because it

was discovered that starches with different crystalicture exhibited different pressure
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sensitivity and that B-type crystalline starchesevmore resistant to pressure than starches
with A- and C-type crystallinity (Muhr & Blanshard982; Ezaki & Hayashi, 1992; Stug¢
al., 1996; Rubenst al, 1999). Furthermore, all three raw maerials presgmificant sources
for starch on an industrial level (Tscheuschne$6)9

As expected, potato starch exhibited B-type cristgl, while wheat starch showed
A-type crystallinity. Tapioca starch also exhibitéddtype crystallinity, but due to its by
comparison intermediate pressure sensitivity ($epter 4.4), it proved to be interesting for

this study.

4.1.3 Thermal analysis

For native, dry wheat, tapioca, and potato starch®, DTG, and DSC curves were
generated.

The DSC patterns depicted in figure 4.2 emphabisalifferences in potato starch and
wheat and tapioca starches that have also beenvelddgy X-ray analysis (see chapter 4.1.2).
While wheat and tapioca starch exhibit similar D&8@ves with four endothermic peaks
between 250 and 330°C for thermal degradationastht potato starch shows three peaks in
this temperature range. This might be due to thierdig crystalline structure or the in
comparison low fat content of potato starch (see4dl). At intermediate water content (~ 50
%) potato starch suspensions fail to show the éwdotic peak attributed to melting of the
amylose-lipid-complex as seen for wheat starch r{Ssen & Eliasson, 1995; Jacoésal,
1998), however this effect might not be transfexdblthe DSC analysis of dry starches.

Noteworthy is also a considerable DSC peak reptegewater around 109 to 121°C
(see appendix fig. Al) without noticeable changenass as shown in the TG diagrams. In
particular for wheat and tapioca starch a substhamount of energy is required for the
removal of this minor amount of water in comparisorpotato starch. This can be explained
by the differing crystalline structure. In B crylitas water molecules appear to possess a
higher mobility and accessibility due less hydrodgpemds to the starch molecule (Fig. 2.5).
The energy required for the removal of water dosscorrespond with the water content of
the starches as shown in table 4.1.

Figure 4.3 shows the TG and DTG curves of dry,veatheat, tapioca and potato
starches. The onset, peak, and offset temperadsresll as the points of inflexion are given
in the appendix in table Al.
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Fig. 4.2 DSC curves of dry, native wheat (a), tapioca @)¢d potato (c) starches under
anaerobic conditions at a heating rate of 10°K/.min
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Fig. 4.3 TG (straight line) and DTG (dotted line) curvdgdoy, native wheat (a), tapioca (b),
and potato (c) starches under anaerobic condiibasheating rate of 10°K/ min.

42



Results and discussion

Comparing the graphs of each starch in figure #e8pectively, it can be concluded
that the peak temperatures of thermolysis fromDA& signal differ only slightly. Potato
starch exhibited the lowest peak temperature, tapistarch the highest, but the peak
temperatures of all three starches examined weeaddd in a temperature range between 303
and 313°C. The same temperature range was obtéonede points of inflexion of the TG
signal, accordingly. While the width of the DTG séds of wheat and potato starch amounted
about the same, a broader signal was obtained dpioda starch. Consequently, the
thermolysis of tapioca starch occurred over a beo&emperature range.

Tapioca starch also exhibited the highest massoiodge three starches examined with
81.11 % (see appendix tab. Al), whereas wheatlstameged in between (77.35 %) and
potato starch showed the lowest mass loss with87%6This is in correspondence with the

ash content of the starches (see tab. 4.1).

4.1.4 Sorption isotherms

The sorption isotherms of native, heat-gelatinised freeze-dried, and pressure-
gelatinised and freeze-dried wheat, tapioca, andtpcstarches were generated (Fig. 4.4).
Generally, up to anyavalue of 0.84 the water contents of the starclxesnened were in a
close range. The only exception was native potiils containing a visibly higher amount
of water and having thus the best water sorptiomateur at water activities up to 0.84.
Between a water activity of 0.84 and 0.99 the watentent of the starches increased
substantially, at anyaof 0.99 pressurised wheat starch exhibited théesgwater uptake
with a water content of 0.49 g water per g ovensiaych.

Generally, no conclusions about the water uptakaluiity at a water activity of 0.99
could be drawn concerning the type of starch ortgatment. While native potato starch
exhibited a comparably high water content, nativeeai starch and native tapioca starch
ranged at the lower end of water absorption ofstheches examined. For wheat and tapioca
starches drying subsequent to a pre-gelatinisatiom resulted in an enhanced water content,
but this is not valid for potato starch, where fle-gelatinisation led to a decrease of water
uptake. The water absorption of pressure-gelatinigkeat and potato starches was higher
than of heat-gelatinised, whereas thermally gatsthtapioca starches exhibited the highest

water content in comparison to native and pressdrigpioca starches.
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In order to evaluate the method used and be ableotapare the water contents
obtained with commercial standards, water contehthe five different commercial starches
Prejel VA70T, Ultra-Tex 2, Instant Clearjel E,*®iform 12742, and Paselli P were
determined at a water activity of 0.99. They wehernically modified cold water swelling
starches derived from waxy maize starch (Ultra-Zebnstant Clearjel E, @Hiform 12742),
tapioca starch (Prejel VA70T) or potato starch @laR). A comparison of the water content
of these five commercial products with native anthex pressure-induced or thermally
gelatinised wheat, tapioca and potato starchesvedtar activity of 0.99 is depicted in bar
chart of figure 4.5. Overall, all pre-gelatinisegrshes could match with the commercial
starches. It was observed that pressure-gelatinibedt starch contained the highest amount
of water, followed by native potato starch andidiform 12742. Consequently, it could be
concluded that pressure-gelatinised wheat starchegbed the water absorption capacity of all
commercial starches analysed and thus met industiians in terms of water uptake. This
presents a potential usage of pressure-gelatimbedt starch as a drying agent, e.g. in rubber
gloves, and opens up new possibilities for the iappbn of chemically unmodified food

texturisers high good water sorption capacity. ilgh hydrostatic pressure treatment offers
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the opportunity to replace the chemical modificatand the heat treatment with concurrent

maintenance or even improvement of the water ugtekaviour.
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Fig. 4.5. Water content of commercial starches and natieai-gelatinised and freeze-dried

(therm), and pressure-gelatinised and freeze-drH&) wheat, tapioca, and potato starches at
a water activity of 0.99.

4.2 Optical In situ analysis of starch granules uner high pressure

With the development of the HPDS high pressureinetombination with an inverse
microscope (Hartmanat al, 2003), it was possible to obtain in situ imagethwoth high
optical resolution and high quality up to pressw&800 MPa. In cooperation with the chair
of process engineering of disperse systems at thé&ltinich, the high hydrostatic pressure
treatment of native and potassium iodide-iodinensth wheat, tapioca, and potato starch
suspensions for 60 min at pressures up to 300 MiZainvestigated. The filling of the cell
was easy and uncomplicated. Unfortunately, theamlld not be temperature-controlled, and

the quality of images with polarised light was tpoor for measurements of loss of
birefringence.

4.2.1 Visual evaluation of starch pressurisation
Wheat, tapioca and potato starch suspensions varedpin the high pressure cell and
observed under pressure through the inverse ligictostope. Examining wheat starch
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suspensions during the pressure build-up phas2)@tMPa changes in damaged granules
could be observed. Damaged granules seemed tebeeksistant to pressure due to cracks in
their structure facilitating water absorption. Aftabout 5 min at 300 MPa an obvious
swelling of some apparently intact granules haduoed. This was in accordance with
observations made by Douzasal. (1996) who detected the beginning of gelatinisatd
wheat starch granules below 300 MPa. The numbswoflen granules as well as the degree
of swelling increased with increasing pressurisatione. In preliminary experiments, a
degree of gelatinisation of 26.51 % was obtaingdral h at 300 MPa in the multivessel
apparatus. Correspondingly after one hour at 30@ MRhe high pressure cell, some wheat
starch granules were clearly enlarged, but ott@areamed unchanged (Fig. 4.6 b). Douzls
al. (1996) also distinguished between these two kiridgheat starch granules.

During pressure release the size of the swollemulesa slightly decreased, but it
remained larger than before pressurisation (Fi§.c}. Granules unchanged in size during
pressurisation underwent no changes during pregslgase. No granules increased in size
during pressure release or after 1.5 h at atmogppsgssure. This was contradictory to the
results obtained by Douzad$ al. (1996).

Fig. 4.6 Wheat starch suspension at 0.1 MPa fa), afteatl300 MPa b) and after pressure
release at 0.1 MPa (c).

Investigating potato and tapioca starch suspensiotise high pressure microscope,
no detectable changes in granule size became ewdeing and after pressurisation at 300
MPa for 1 h (data not shown). This was in accordamith preliminary pressure experiments
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resulting in a degree of gelatinisation of 0.97 R4the case of 5 % (w/ w) tapioca starch
suspensions and 0.00 % for 5 % (w/ w) potato staudpensions after 1 h at 29°C and 300
MPa in the high pressure multivessel apparatuszleet al. (1996) detected an irreversible

swelling of 15 % of iodine stained potato starchmgies after pressurisation at 300 MPa.
Such a slight swelling could not be determined. éttheless, it could be concluded that

wheat starch was less resistant to pressure thatopiarch and tapioca starch.

4.2.2 Starches dyed with Lugol’s solution under presure

The starch suspensions were intensely stainedayitbtassium iodide-iodine solution
(Fig 4.7-4.9) and treated as before. Regardinggttamule sizes, the results obtained for
undyed starches could be confirmed.

As for wheat starch, first the swelling granulegde to lose their coloration (Fig. 4.7
b). As shown in figure 4.7 c, all iodine stainedeahstarch granules were totally discoloured
after 1 h at 300 MPa, regardless whether they kaallen or not. Additionally the liquid
phase became darker and a brownish precipitatipeaapd. This could be resulting from
amylose leaking into the liquid medium. After pnagsrelease the granules did not regain
their colouration, and after 10 min at 0.1 MPa r@hfer decolouration was observed (Fig. 4.7
d).
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Fig. 4.7. Potassium iodide-iodine stained wheat starchesnﬁ;pn before a pressure treatment
(a), after 10 min at 300 MPa (b), after 1 h at B0Pa (c) and after pressure release at 0.1
MPa (d).
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lodine stained tapioca starch granules were alsdlytadiscoloured after 1 h at 300
MPa (Fig. 4.8 b) and a brownish precipitation cobtl observed in the continuous phase.
There was no visible elucidation of the granulésrgiressure release and 10 min at 0.1 MPa.

The potato starch granules were discoloured omijtty with a minor darkening of
the surrounding liquid phase. After pressure redeasl 10 min at atmospheric pressure, there

was a further very slight decolouration of the gilas (Fig. 4.9 b).

e % S @ D

. e) ers

'a ? b ] b sm
Fig. 4.8 Potassium iodide-iodine stainedrig. 4.9 Potassium iodide-iodine stained

tapioca starch suspensions before a pressp@ato starch suspension before a pressure

treatment (a) and after pressure release tedatment (a) and after pressure release at 0.1

0.1 MPa following a 1 h treatment at 300MPa following a 1 h treatment at 300 MPa (b).
MPa (b).

In order to ensure that the decolouration was tiobated to influences other than
pressure, e.g. the light or the possible developnoénheat by the illumination of the
microscope, the stained starch suspensions weestigated at atmospheric pressure for 1 h.
For the iodine stained tapioca and potato starspensions no alterations in colour or size of
the granules became visible. However, the contiaygliase of the suspensions darkened
noticeably. Placing the wheat starch suspensioremtige light microscope for 1 h at
atmospheric pressure led to a very slight eluadatof the granules, which was not
comparable to the thorough decolouration at 300 M®#out a deepening of colour of the
surrounding liquid (data not shown). Therefores thinor elucidation was neglected.

The decolouration observed during and after pression can also not be attributed
entirely to an uptake of water and resulting dilntbecause a pressurisation at 300 MPa for 1
h showed no measurable effects on the granule sfzepioca starch as well as potato starch
that could be attributed to a water uptake.

48



Results and discussion

According to Sarko and Wu (1978) all starches fafmimgle helical complexes with
iodine in their amorphous regions. However, purighly oriented crystalline A- and B-
amylose molecules were unable to form a complex vatine due to the double helices
(Sarko & Wu, 1978, French, 1984). This can be &gplo the crystalline regions of starches
consisting of double helices (Sarko & Wu, 1978)n&emuently, only the amorphous regions
acting more sensitive towards pressure and beiegstharting point of pressure induced
gelatinisation attributed to the colouration witldine. Therefore the decolouration could not
be an indication for starch melting as suggestedDoyizalset al. (1996) because the
crystalline regions are not involved in starch-fr@complexes.

It was striking that the decolouration appearetdarreversible, since starch could be
iodine stained after a pressure treatment and headenot lost its ability to form complexes
with iodine. A degradation of iodine due to presscould also be excluded. The colour of the
iodine solution used remained unchanged in colot@énsity and tinge when compared before
and after 1 h at 300 MPa (not shown). It is alstikaely that redox reactions could be
responsible for the decolouration of the starcingles because the colouring of potato starch
remained almost unchanged. If iodine would havenlmeshed out of the single helices by
pressure inducing a disassociation of the amylodex complex, a pressure release should
lead to a reformation of the amylose-iodine comeseand a regeneration of the blue colour
unless the iodine was to be permanently displageddier molecules or bound elsewhere.
But the permanent displacement of iodine by watelenules is contradictory to the starches
ability to form complexes with iodine after a preissation step.

It was discovered that the electrical conductiatyressure-treated starch suspensions
increased with increasing degree of gelatinisatsm®e chapter 4.3). This was regarded as an
indication of an ion release during the pressudetwed gelatinisation process. It was possible
that leaking of amylose from the starch granule \pastly responsible for this rise in
electrical conductivity. In literature, the opinwhether amylose release generally occurred
during pressurisation were conflicting, accordingtouzalset al. (1998) there is only little
and after Stutet al.(1996) and Stokt al. (2001) sometimes even no amylose release.

Kudla and Tomasik (1992) pressurised moistenedigastarch with added iodine and
concluded that iodine present in starch causedfisignt deterioration of the starch matrix by
gelation and/ or hydrolysis of glycosidic bonds.cAaingly, an amylose release could also
originate from the presence of iodine during prasation.

The decolouration of the starch granules under higlrostatic pressure suggested a

removal of iodine and the darkening of the surrangdiquid phase led to the assumption
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that an accumulation of amylose-iodine complexesha liquid had occurred. Hence, the
decolouration could be caused by an amylose rel&ase the amorphous regions during
pressure-induced starch gelatinisation where tleagsed amylose molecules complexed with
iodine pushed out of the single helices by presancethe complexes formed accumulated in
the thereby darkening liquid phase. So the remawddhe was again linked to amylose
molecules which would explain why the starch grasutould still be iodine-stained after a
pressure treatment but would not regain their aoddier pressure release if stained before the
pressure treatment.
Potato starch was apparently not only more regidtarpressure-induced swelling of the
granules than wheat starch but also more robustrtsvamylose release. Although tapioca
starch granules showed no visible swelling aften &t 300 MPa, the decolouration was
clearly evident. This demonstrated that decoloonatind swelling were not connected and
suggested that the amylose release from the amasplegions possibly started before the
swelling of the granules was initiated.

More data derived from complementary analysis naghie required for explaining

the experimental results.

4.3 Physical properties of pressurised starch suspsions

Upon pressurisation at different pressures andspristion times, the electrical
conductivity and the water binding capacity of wheapioca, and potato starch suspensions
were determined and compared with its degree @itigedation. It was searched for possible
correlations analogous to the thermal gelatinisatiad furthermore for a quick method for

the determination of the degree of gelatinisation.

4.3.1 Pressure gelatinisation curves and electricabnductivity

Wheat, tapioca, and potato starch suspensionswb#) were pressurised at 29°C for
15 min at various pressures and the degree ofigisktion as well as the electrical
conductivity of the starch suspensions were detexchi Figure 4.10 shows the degree of
gelatinisation and the electrical conductivity bk tpressure-treated starch suspensions in
relation to the pressure applied. The degree ditiggdation of all three starches examined

increased with increasing pressure and the gedation curves obtained strongly resembled
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thermal gelatinisation curves with their typicajrsioid shape. Hence the process of pressure-

induced gelatinisation appeared to proceed singitarthe process of thermal gelatinisation.
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Only at approximately 200 MPa there was a slightimum in the gelatinisation curve of
tapioca starch and a reduced rise in the degrgelafinisation for wheat starch. Both wheat
and tapioca starches seemed to be more stabled®wegssure around 200 MPa. This could
be due to a change in volume owing to the presskoe. example, the gelatinisation
temperature was slightly increased by pressurisaijp to 150-250 MPa and subsequently
decreased with rising pressure (Thevekdial, 1981, Muhr & Blanshard, 1982). Muht al.
(1982) investigated starch gelatinisation usingRDHA. Applying the Clapeyron equation,
the authors calculated the volume chari)é) (to decrease with increasing pressure and to be
zero around 150-250 MPa and suggested that thal imtrease and subsequent decrease in
gelatinisation temperature following a pressurattreent was a consequence of a decrease in

AV. Potato starch was less sensitive to pressure tiy@oca and wheat starch, and since it
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exhibited a higher resistance to pressure in coisgato wheat and tapioca starches and did
not begin to gelatinise below 500 MPa, this dodsapply for potato starch.

Tapioca starch gelatinised comparatively instardasly within a pressure range of
around 200 MPa, complete gelatinisation was ackiete500 MPa at the conditions applied
(5 % w/ w, 29°C, 15 min) while wheat and potataatagelatinised over a broader pressure
range. Tapioca starch ranged intermediate in tefmpsessure sensitivity of the three starches
investigated. Wheat starch exhibited the lowesstasce towards pressure and completely
gelatinised at 440 MPa at the conditions appliedeneas 100 % gelatinisation of potato
starch, showing the highest pressure resistanceaal@eved at 770 MPa.
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Fig. 4.11 Electrical conductivity [uS/ cm] of pressurisedlack) and washed and then
pressurised (grey) wheat starch suspensions (5 & 29°C, 15 min).

The electrical conductivity of the starch suspemsioose with increasing pressure.
Therefore there must have been an ion releasegdpressure-induced gelatinisation although
the starches retained their granular characteorder to prove that this increase in electrical
conductivity was based on an ion release from withe starch granule and not from ions
attached to the granule’s surface, the rise intdat conductivity with increasing pressure of
native and three times washed wheat starch sugpsngias compared, as depicted in figure
4.11. Since the absolute value of the increasdeicirecal conductivity was almost identical

for native and washed wheat starch suspensiomgsitshown, that the there must be an ion
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release from within the granule. In addition itpigssible that a concentrating effect due to

water uptake of the starch granules contributékdaise in electrical conductivity.

On the whole, the electrical conductivity of thegsurised samples corresponded well
with the gelatinisation curves. As aforementionibe, tapioca starch suspensions gelatinised
over a comparatively narrow pressure range staaiognd 400 MPa and ending at 600 MPa,
and there was also a considerable rise in elettdoaductance of the tapioca starch
suspension within this range (Fig. 4.10 b). Wheatck being less resistant to pressure and
gelatinising over a much wider range (Fig. 4.1@ractically started to gelatinise at 100 MPa
and ended at 440 MPa. There was a rise in the slbgee gelatinisation curve around 300
MPa, which correlated with a rise of the slope loé €lectrical conductivity. The rise in
electrical conductivity of potato starch suspensidoe to a pressure treatment also correlated
well with its degree of gelatinisation (Fig. 4.10 ¢

Generally, the initial electrical conductivity of & starch suspensions of different
origins differed, which might be due to the mantidiaog process of the starches resulting
from the embedding of the starch granules in th@tphnd to the content of mineral nutrients
of the starches. Additionally, the absolute valti@énorease in electrical conductivity differed
dependant on the type of starch, e.g. the eletitmaductivity of wheat starch suspension
increased by 16.92 uS/ cm, of tapioca starch segpeby 28.68 uS/ cm, and of potato starch
suspension by 36.40 uS/ cm upon pressurisatidmeagelatinisation pressure, defined as the
pressure where all starch granules have lost theafringent properties. The increase in
electrical conductivity might be influenced by thater availability due to differing viscosity

increase.

4.3.2 Impact of pressurisation time on electrical@nductivity

The influence of the pressure treatment time on dbégree of gelatinisation and
electrical conductivity of the starch suspensioas &lso investigated (Fig. 4.12 a-c). Because
wheat starch, tapioca starch, and potato starcWesha different stability towards pressure,
different pressures were applied for each stareh 360 MPa for wheat starch, 530 MPa for
tapioca starch, and 700 MPa for potato starch sisspes. At constant temperature and
pressure, the degree of gelatinisation increasdid mwcreasing treatment time for all three
starches examined. The impact of treatment time thvasnost pronounced during the first
hour of pressurisation where a steep slope of #latigisation curve can be observed. The
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electrical conductivity of wheat and tapioca stastispensions also rose with increasing
pressurisation time and the course of the conductourve corresponded well with their
gelatinisation curve. Tapioca starch was nearlly fgklatinised after a 4 h treatment at 530
MPa (Fig. 4.12 b) whereas wheat starch showed 4 slogver rise in degree of gelatinisation
with increasing pressurisation time at 350 MPa.(Bi§2 a).

As depicted in figure 4.12 c, during the first 6hthe degree of gelatinisation and
the electrical conductivity of potato starch suspens also increased with increasing
treatment time. Between a treatment time of 1 h &mdthe degree of gelatinisation almost
stagnated, whereas the electrical conductivity eslgyhtly decreased. It is possible that the
gel-like texture of pressure-treated potato stacspensions inhibits the measurement of its
electrical conductivity. Additionally, the determaition of the degree of gelatinisation of
pressure-treated potato starch suspensions waslicateg due to starch sedimentation and
consequential inhomogeneity of the sample whichls® emphasised by the high standard
deviations. This did not apply for the measurenw@degree of gelatinisation of wheat and
tapioca starch suspensions.

Due to the different pressures applied, the gesation curves of the three starches
are not comparable.
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4.3.3 Correlation of degree of gelatinisation andlectrical conductivity

The correspondence of the degree of gelatinisatimh electrical conductivity of the three

starches used is depicted in figure 4.13 a-c, odsedy. The data points shown were derived
from pressurisation experiments at a constant prissgion time of 15 min (see chapter 4.3.1)
and also from pressure treatments at constantypesssnd varying pressurisation periods
between 5 min and 4 h (see chapter 4.3.2). Theesatithe electrical conductivity data were
normalised, the lowest data point was defined #sdhd the highest as 100 %. The resulting
adjusted linear curve is also displayed. The coeffiis of determination R2 showed a good
linear relationship between the degree of gelatios and the electrical conductivity for the

starches. Moreover the slope of the adjusted cwageclose to one (y x) proving that there

was a conformity of the degree of gelatinisation a&hectrical conductivity after pressure
treatment.
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It can be seen that the electrical conductivityegponds with the degree of gelatinisation of
the starches investigated after pressure treatmedtis an effective tool for the quick

determination of pressure-induced starch gelatioisa The only complication to be

55



Results and discussion

considered is the initial electrical conductivity the starch suspension to be pressurised.
There was always a slight irregularity in the mlittonductivity due to the inhomogeneity of
the starches or inaccuracy in weighing during theparation of the sample which made a
comparison of the electrical conductivity data aied difficult. However, this limitation
could be overcome by washing the starches befodeliad weighing as precisely as possible
since the course of the electrical conductivityveuwas not altered by a washing step (Fig.
4.11) and it was experienced that the exact sapnq@paration conducted was sufficient as

long as reproducible results were obtained.

4.3.4 Water binding capacity

Equivalent to the electrical conductivity measuratag the water binding capacity of
pressurised starch suspensions was determinedefsted in figure 4.14, the water binding
capacity of all three starch suspensions (5 % whereased with increasing pressure after 15
min of pressurisation at 29°C and corresponds wathdegree of gelatinisation. Therefore,

water binding capacity is also a potential indicdto pressure-induced starch gelatinisation.
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Comparing the water binding capacity of the prdssdr starch suspensions at a
degree of gelatinisation of 100 %, it is lowest faneat starch, about threefold higher for
potato starch, and 4.5 times higher for tapiocacktaConsequently, completely pressure-
gelatinised tapioca starch exhibits the highesewhinding capacity upon pressurisation of
the three starches examined. However at 450 MPaatwstarch shows the highest water
binding capacity, since it is completely gelatinisevhile the degree of gelatinisation of

tapioca starch is below 20 % and potato starchiren@most unaltered below 500 MPa.

4.4 Impact of pressure, temperature and treatment ime on starch
gelatinisation

The effect of pressure, temperature, and treattmerton the degree of gelatinisation
of wheat, tapioca, and potato starch suspensiogssy&tematically investigated including a
statistical evaluation determining whether tempemtand pressure have a statistically
significant effect on the degree of gelatinisatadnwheat, tapioca, and potato starch at the
95.0 % confidence level, respectively. In this eomt it was additionally scrutinised and

discussed if starch suspensions could be utiliséella| (see chapter 2.3.2).

4.4.1 Phase diagrams

The impact of pressure, temperature and treatnmapetdn wheat, tapioca, and potato
starch suspensions was systematically determinechafly, a pressure-temperature phase
diagram of complete gelatinisation of the threecétes was generated (Fig. 4.15).

As expected from previous findings (Muhr & Blanghafl982; Ezaki & Hayashi,
1992; Stuteet al, 1996; Rubenst al, 1999), the wheat starch with an A-type X-ray
diffraction pattern proved to be the most sensitivepressure. The course of the phase
transition curve of wheat starch was parabolic embperatures above 0°C. This was in
accordance with results obtained by Dou=slal. (1999 and 2001). Below 0°C, the pressure
of phase transition increased highly, which wasbphdy due to reduced water availability
because of freezing (data not shown).

The phase transition of tapioca starch occurreligiter temperatures and pressures
than the phase change of wheat starch but belowlibee transformation of potato starch.
The course of the transition line of tapioca stastiongly resembled the pressure-induced

gelatinisation diagram of rice starch obtained hyb&s and Heremans (2000). Between
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10°C and 48°C the phase change appeared to betadnlely dependent on the pressure. A
decrease in the gelatinisation pressure with rig@éngperature of only 10 MPa/ 10°C could be
observed. Nearly regardless of the temperaturaeapthe gelatinisation pressure remained
around 600 MPa leading to a plateau-like progressibthe phase transition line. Above
48°C the pressure of complete gelatinisation deegtaapidly with increasing temperature.
This course of the phase transition line betweerard® 50°C gave the impression that the
tapioca starch investigated was not applicable gweasure time temperature integrator
(PTTI; see chapter 2.3.2) because the requiredegmanhpe dependence was not ensured if

complete gelatinisation is the critical criteridmosen.
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Fig. 4.15 Phase diagram of complete gelatinisation of whesiioca, and potato starch
suspensions (5 % w/ w) after 15 min of pressureptature treatments.

Potato starch having a B-type crystalline pattexd the highest resistance to pressure.
Albeit at higher pressures, the phase transitioa &if potato starch proceeds similarly to the
line of wheat starch between 10 and 48°C exceptafooutlier at 39°C. The pressure of
complete gelatinisation decreases consistently witheasing temperature up to 58°C and
then declines rapidly. Assuming that the valuethar pressure of complete gelatinisation of
potato starch at 39°C was derived from an erronéasurement, potato starch suspensions as
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well as wheat starch suspensions are applicableéTdss if complete gelatinisation is the

chosen indicator.

4.4.2 Pressure-induced gelatinisation curves

As depicted in figure 4.16, the pressure dependehadeat starch, tapioca starch and
potato starch suspensions at 29°C was investigdtedalready observed before (Chapter
4.2.1; Fig. 4.15), wheat starch was more sensitiveressure than tapioca and potato starch.
The degree of gelatinisation increased with ingreppressure. And for all three starches
examined, sigmoid shaped gelatinisation curveslairto thermal gelatinisation curves were
derived. As reported before (see chapter 4.3.1ptie discrepancy was a reduced rise of the
degree of gelatinisation around 200 MPa in the aafsevheat starch and a minor local
minimum in the case of tapioca starch. This wadaldy due to a change in volumavj
owing to the pressure (Mulet al, 1982). Consequently for pressures below 200 MPa a
29°C, tapioca starch was not applicable as a pressme temperature integrator (PTTI)
because at a constant, known temperature the peessuld not unambiguously be derived

from the degree of gelatinisation.
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Fig. 4.16 Pressure-induced gelatinisation curves of whégpjoca and potato starch
suspensions (5 % w/ w) after pressurisation fomirbat 29°C.
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Above 200 MPa, tapioca starch gelatinisation pasgka satisfactory pressure dependency at
a constant temperature to function as a PTTI. Smast current high pressure applications
are performed above 200 MPa, this does not sedra tomajor limitation of the applicability

of starches as PTTIs. Regardless of the changéope ©f the gelatinisation curve, wheat
starch gelatinisation proved to have an adequa¢sspre dependency to yield distinct
information about the pressure applied at givenpenatures and treatment times. Potato
starch could be applied as a PTTI at higher pressabove 500 MPa. For high pressure
processes below 500 MPa, potato starch would netiibable.
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The starch suspensions were also pressurised lerhigmperatures (39°C, 48°C,
57°C, and 67°C) in order to examine the influentmcreasing temperatures (Fig. 4.17). The
higher the temperature, the lower was the pressdireomplete gelatinisation at the
temperatures investigated. At 39°C the pressureed gelatinisation curve did not differ
considerably from the curve at 29°C. At 48°C, 581 67°C, the effect of temperature was
much more distinct and the pressure-induced gé&ation took place over a far smaller
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pressure range. Nevertheless, a pressure dependesceoticeable at higher temperatures
(below the gelatinisation temperature). In corresfgmce to the phase diagram of complete
gelatinisation (Fig. 4.15), figure 4.17 shows thghkr sensitivity of wheat starch towards
pressure also at temperatures higher than 29°@mparison to tapioca and potato starches.
At 57°C, the “initial” degree of gelatinisation @tmospheric pressure is above 90 % and only
a low pressure is required to achieve completetigedation of wheat starch suspensions,

whereas pressures above 400 MPa are needed focdagnid potato starch suspensions.

In figure 4.18 the relation between pressure, teatpee and degree of gelatinisation
of wheat starch suspensions after a treatment ofih5s recapitulatorily outlined in a three-
dimensional diagram. At constant temperature thgrese of gelatinisation increases with
increasing pressure and at constant pressur@# wgh increasing temperature. Furthermore,
at a consistent degree of gelatinisation the pofotsthe appendant temperatures and

pressures form a parabolic-shaped graph. Additpntde sigmoidal course of the thermal
gelatinisation becomes clearly visible.
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Fig. 4.18 Correlation of pressure, temperature, and degfegelatinisation of wheat starch
suspensions (5 % w/ w) treated for 15 min.
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4.4.3 Pressurisation time

At constant temperature and pressure the treatimestvas varied between 5 min and
4 h (Fig. 4.19) to gain insight into the relatioetlween the degree of gelatinisation and
pressurisation time (see also chapter 4.3.2). Tdrestant pressures chosen resulted in a
medium degree of gelatinisation at 15 min for eatdrch and hence permitted noticing a
possible rise or decrease in starch gelatinisadiodifferent treatment times. For all three
starches examined the degree of gelatinisatiomased with increasing treatment time during
the first hour of treatment. At treatment timesgenthan 1 h, there was only a minor change
in degree of gelatinisation in the case of pot#ock. For wheat starch and tapioca starch the
degree of gelatinisation continued to increaseresqure treatments up to four hours but the

slope of the gelatinisation curve was reduced hadtirve asymptotically approached 100 %.
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Fig. 4.19 Degree of gelatinisation of wheat, tapioca, aothfp starch suspensions (5 % w/
w) after a pressure treatment at 29°C and a canptassure of 350, 530, and 700 MPa,
respectively, depending on the pressurisation time.

It can be concluded that the degree of gelatimieatif all three starches investigated
strongly depended on the treatment time appliechduhe first hour of treatment. At longer

treatment times the influence of pressurisatioretiiiminishes and only wheat starch and
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tapioca starch fulfilled the requirements of a PTpidtato starch yielded no significant change
in degree of gelatinisation upon pressurisatiomifore than 1 h. Because pressure treatments
lasting longer than 1 h are not economical at alustrial scale, potato starch could well
function as a PTTI. The apparently lacking influera pressurisation time above 1 h on the
degree of gelatinisation of potato starch is ineghlle, but it is possibly a result of the
aforementioned inhomogeneity of the sample dueetdingentation. The experiment was
repeated eight times, and each time no furtherimiskegree of gelatinisation of potato starch

could be observed.
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Fig. 4.2Q Degree of gelatinisation of wheat (left) and tapai (right) starch suspensions (5 %
w/ w) after a pressure treatment at 29°C and a taohspressure depending on the
pressurisation time.

To ensure that the time dependency of starchesyatagnly valid in the intermediate
pressure range, pressures at the initiation andlghmefore completion of pressure-induced
wheat and tapioca starch gelatinisation (after i tmave also been investigated (Fig. 4.20).
At all pressures investigated, the degree of gesaiion increased with increasing treatment
time. The velocity rate of gelatinisation also e&msed with increasing pressure which was in
accordance with results obtained by Sadlal. (2001). Nonetheless the time dependency of
pressure-induced starch gelatinisation persistddgaier or lower pressures. It also appeared
that at any given pressure and temperature aftapanopriate treatment time a complete
gelatinisation of wheat starch and tapioca starchldc be achieved but this cannot be

concluded.

Pressure-time phase diagrams of wheat and taptacehssuspensions (5 % w/ w)
have also been generated (Fig. 4.21), where théaeship between pressure and treatment
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time at a constant temperature (29°C) and achietatigelatinisation is shown. As observed
before, tapioca starch pressure-gelatinises atehigressures than wheat starch at the same
pressurisation time. The pressure required in aiettain complete gelatinisation decreases
with increasing pressurisation time. The phasesttiam lines proceed logarithmic, the slopes
of rise in gelatinisation pressure decrease witheiasing treatment time. Additionally, both
phase transition lines asymptotically approach riquéar pressure, respectively. This leads
to the conclusion that a threshold pressure isireduto obtain total pressure-induced
gelatinisation at indefinite treatment time andpdives the assumption that at any given
pressure and temperature after an appropriatertegattime a complete gelatinisation of
wheat starch and tapioca starch could be achidNedkertheless in order to achieve complete
pressure-induced wheat and tapioca starch gelkgiims the treatment time can be reduced to
some extent by increasing the pressure and theyreesan be reduced to a certain degree by
prolonging the pressurisation time.
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Fig. 4.21 Pressure-time phase diagrams of complete gedation of wheat and tapioca
starch suspensions (5 % w/ w) pressurised at 29°C.

4.4.4 Starch suspensions as pressure time temperggtntegrator

It can be concluded that the degree of gelatimpatif pressurised starch suspensions
is highly dependent on the pressure, temperatudeti@atment time applied. As a result,
pressure-induced starch gelatinisation qualifiesaasadequate extrinsic PTTI. With its

sensitivity to pressure, temperature and treatrimeet it enables to quantitatively and directly
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measure the impact of the process as long as taceps parameters are known. Due to its
varying resistance to pressure depending on the tfpstarch, a starch can be selected
meeting the precise requirements needed for aicgutassurisation process. If a pressure
indicator for a higher pressure range is desired-tgpe starch being more resistant to
pressure like potato starch would be suitable. Hmawnethe exact behaviour of the starch
towards changes in pressure, temperature, andmeeattime has to be thoroughly

investigated and descried before it can be appdisda reliable pressurisation process
indicator. For example, the tapioca starch examindtlis work would not be applicable for

temperatures below 50°C if the temperature wasaelat constant and the potato starch would
be inadequate as a PTTI at pressures below 500 WMa.most pronounced changes in
degree of gelatinisation could be detected if si@scwere about midway of complete

gelatinisation at the process conditions appliedwhere the slope of the pressure-induced
gelatinisation curve was the steepest. As a PT8taech being in the intermediate range of
gelatinisation at the process conditions would ceéven slightest changes in pressure at

known temperature characteristics and treatmermt. tim

A quicker and easier possibility would be not tokat the degree of gelatinisation but
to aim for complete gelatinisation. Then a starauld have to be chosen which achieved
total gelatinisation at the desired process comakiti For the future it is desirable to develop a
very quick and sophisticated way of measuring ceteplgelatinisation e.g. by a colour
indicator which changes its colour when completspure-induced gelatinisation is achieved.
For example, a decolouration of iodine stainedchtgranules during a pressure treatment has
been observed and found to correspond with staetatigisation as confirmed by DSC
(Douzalset al, 1996). However, these results could not be cowt in our laboratory (see
chapter 4.2.2) and further research is required.

Since starch is widely used in food products itgasgs itself to be applied as an
intrinsic PTTI. In spite of this, the applicatioh starch gelatinisation as an intrinsic PTTI is
not recommendable. Pressure-induced starch gelatiion is highly dependent on the free
water content available (Stug al, 1996) and is e.g. influenced by the starch comagon
of the suspension and the presence of salts aboloairates (see chapter 4.5). If there is a
slight variation in the ingredients in a productiprocess, the gelatinisation behaviour of
starch under pressure would be altered. Accordjnfjly use of starch gelatinisation as an

extrinsic indicator demands a pure starch suspensgith an identical water content.
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4.4.5 Statistical evaluation

In order to investigate the statistically signifit&ffect of temperature and pressure on the
degree of gelatinisation of starches in 5 % (wswudpensions treated for 15 min, multifactor
analyses of variance (ANOVA) were performed for athéapioca, and potato starch
suspensions (5 % w/ w) with the assistance of timepuiter software Statgraphics 4.1. In a
two-factor model, temperature and pressure funetiaas independent factors and the degree
of gelatinisation represented the dependent respaarsable. The Type Il sums of squares
have been chosen, where the contribution of eaxtbrfés measured having removed the
effects of all other factors. Tables 4.2 — 4.4 dettie resulting ANOVA tables.

Tab. 4.2 ANOVA table for the degree of gelatinisation ofi@at starch suspension (5 % w/
w) treated for 15 min

Source Sum of squares Degree of freedom Mean square F-ratio P-value
Temperature 30407.60 6 5067.94 9.05 0.0000
Pressure 21998.50 6 3666.42 6.55 0.0001
Residual 19592.50 35 559.79

Total (corrected) 72690.80 47

All F-ratios are based on the residual mean sograoe.

Tab. 4.3 ANOVA table for the degree of gelatinisation apioca starch suspension (5 % w/
w) treated for 15 min

Source Sum of squares Degree of freedom Mean square F-ratio P-value
Temperature 20923.10 5 4184.61 11.69 0.0000
Pressure 35299.80 5 7059.95 19.73 0.0000
Residual 8945.59 25 357.82

Total (corrected) 65168.40 35

All F-ratios are based on the residual mean sogeraoe.

Tab. 4.4 ANOVA table for the degree of gelatinisation ait@to starch suspension (5 % w/
w) treated for 15 min

Source Sum of squares Degree of freedom Mean square F-ratio P-value
Temperature 34008.70 5 6801.74 12.36 0.0000
Pressure 11183.10 4 2795.78 5.08 0.0055
Residual 11009.20 20 550.46

Total (corrected) 56201.10 29

All F-ratios are based on the residual mean sogoe.
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The F-Test showed that the means of the factoldalifered, since all F-ratios (Tab.
4.2. - 4.4) were larger than the corresponding Ibevaerived from an F-distribution table
(Neter & Wasserman, 1974). As an example, the E-fbeseffects of the factor pressure on

potato starch gelatinisation at the 95.0 % configdevel given in the following equation

F-ratio = 5.08 < F (0.95, 5, 20) = 2.87

demonstrates that not all factor level means ofdh®r temperature are equal, or that some
definite effects of pressure on the degree of gedaition of potato starch exist (Neter &

Wasserman, 1974). This can be transferred to laatiorfs of all three starches investigated.

The P-values test the statistical significance atheof the factors. Because all P-
values are less than 0.05, the factors temperanaepressure have a statistically significant
effect on gelatinisation at the 95.0 % confidereseel for all three starches investigated. Even
at a confidence level of 99.0 % the effects offdwors investigated on the response variable

are statistically significant, since all P-values below 0.01 (Neter & Wasserman, 1974).

4.5 Effect of water content and additives on presse-induced starch
gelatinisation

The influence of water content as well as the ¢fedcadditives such as sugars and
salts on pressure-induced starch gelatinisatioralsasbeen investigated. Wheat, tapioca, and
potato starch suspensions with concentrations eftorat least 55 % (w/ w) were pressurised
at constant pressures for 15 min, respectivelgxtomine the impact of the water content. For
the investigation of the effect of additives, tharsh concentration was kept constant at 5 %
(w/ w), as additives several mono-, di-, and tredecides, chlorides, sodium and potassium
salts have been chosen. For the examination afrthact of salts on pressure-induced starch
gelatinisation, emphasis was put on the effectdfusn chloride due to its importance in food
products and its interesting effects on pressulaedad potato starch gelatinisation.

The effect of numerous chlorides and sodium sattgpessure-treated (800-1,200
MPa for 60 and 300 s) dried potato starch (2-22 #isture content) has already been
determined by Kudla and Tomasik (1992), they onlbfamed synergistic effects of the

additives iodine, ferric and cobaltous chloridesl dnigh pressure on deterioration of the
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starch matrix. Since the water content was extrgros¥, the results could not be transferred

due to the entirely different experimental set-bpsen for this work.

4.5.1 Impact of water content

Starch suspensions with different starch conceatratand hence different water
contents were pressure-treated. At a constant yreesé was observed that the degree of
gelatinisation decreased with increasing starchcewomation (Fig. 4.22). This was in
accordance with results obtained by Kudla and Tdm#$992) having obtained an
accelerated destruction of the starch matrix ofataotstarch granules with increasing
humidity. Below a water content of 50 % the inflaerof the pressure on starch gelatinisation
decreased rapidly. Even an increase in pressuteeinase of wheat starch suspensions from
350 to 500 MPa exhibited a decreasing influengere$sure at a water content below 50 % as
represented by the abrupt decline in degree otigeation. This clearly showed that water
influences the gelatinisation pressure and furtioeemndicated that a certain amount of
water, i.e. 50 %, might be required for the pressnduced starch gelatinisation and was in
accordance with findings made by Hédial. (1993) and Stutet al. (1996).
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Fig. 4.22 Degree of gelatinisation of pressurised whegipta and potato starch suspensions
at constant pressure (15 min, 29°C) with increastagch concentration (% w/ w).
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4.5.2 Effect of sugars

The addition of sucrose led to a reduction of tbgrde of gelatinisation of pressurised
wheat, tapioca and potato starch suspensions andetiree of gelatinisation decreased with
increasing sucrose content (Fig. 4.23). At a scomscentration of about 0.58 mol/ | (20 %
w/ w) the pressure-induced gelatinisation was atrensirely suppressed for all three starches
(at the pressures applied). Since the three stadifier in pressure sensitivity (see chapter
4.4) and different pressures had been applied X838 for wheat starch, 530 MPa for tapioca
starch, and 700 MPa for potato starch suspensitres)nfluence of the sucrose on the three
starches was not comparable. Nonetheless it casoheuded that the presence of sucrose
suppresses pressure-induced starch gelatinisdts . can be explained by a reduction of the
water availability with increasing sucrose concatidn and thus decreasing water activity.
The slight plateau or reduced slope in the decrefidee degree of gelatinisation of the wheat
and tapioca starches at low sucrose concentratiprte around 0.03 mol/ | indicates that a
critical sucrose concentration has to be exceeolethé water structure making effect. Potato
starch appeared to be more sensitive towards theressing effect of sucrose on pressure-
induced gelatinisation. Already small concentradidi®.003 mol/ I) of sucrose led to a
substantial decrease in degree of gelatinisatianveyer, a plateau up to around 0.03 mol/ |

sucrose could also be observed.
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Fig. 4.23 Degree of gelatinisation of wheat, tapioca, aoth{w starch suspensions (5 % w/
w) pressurised at 350, 530, and 700 MPa, respégtifer 15 min at 29°C with increasing
sucrose concentration.
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At a constant sucrose content of 1 % (w/ w), atshifelatinisation pressure could be
observed in comparison to native wheat starch sisépe (Fig. 4.24). The gelatinisation
pressure increased with increasing sucrose conldns. correlates with the influence of
sucrose on the thermal starch gelatinisation (Ev&andaisman, 1982; Spies & Hoseney,
1982; Chinachotet al, 1991; Ahmad & Williams, 1999; Jareg al, 2001; Maaurfet al,
2001). Consequently, sucrose could be used to aftdrcontrol the gelatinisation pressure

and to impede gelatinisation.
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Fig. 4.24 Gelatinisation curves of wheat starch suspeng®ié w/ w) without and with 1 %
(w/ w) sucrose upon pressurisation (15 min, 29°C).

The effect of increasing concentration of fructogiecose, sucrose, and trehalose on
wheat, tapioca, and potato starch suspensionsupigess for 15 min at 29°C and 350, 530,
and 700 MPa, respectively, is depicted in figure54.All sugars led to a decrease in the
degree of gelatinisation and hence interfered tighpressure-induced gelatinisation process.
Disaccharides seemed to have a more pronounced #ffen monosaccharides in terms of
hindering pressure-induced gelatinisation. This i@greement with the hypothesis that longer
sugar molecules form more links with starch molesuhan shorter sugar molecules leading
to an increased restriction and reduced flexibiityhe starch chains and thus requiring more
energy for gelatinisation (Spies & Hoseney, 1982).
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For wheat starch suspensions, the influence of @dls| of a variety of sugars on the
degree of gelatinisation after a pressure treatnweadt investigated (Fig. 4.26). It was
discovered that the degree of gelatinisation liyeemrrelated with the number of equatorial
hydroxyl groups of the sugars present. Additionaltywas observed that the degree of
gelatinisation decreased with increasing molecwulaeilght and number of hydroxyl groups.
Since hydroxyl groups are presumably involved imfimg bridges with starch molecules,
sugars with a higher number of hydroxyl groups eodsequently mostly also with a higher
molecular weight were expected to lower starchtgesation under pressure. The correlation
of starch gelatinisation in the presence of low-eunalar sugars and their number of equatorial
hydroxyl groups corroborates the theory that a cedn of water activity and decreased water
availability reduces gelatinisation as well as stgjarch interactions (Spies & Hoseney,
1982). The higher the number of equatorial hydrayxgups of a sugar, the easier it forms
hydrogen bonds with water (Ka#&t al, 2001) because an equatorial hydroxyl group vell b
more strongly hydrated than an axial group (Kabay&@rnPatterson, 1958). Tamura (1999)
found a linear correlation of thermotolerance aadbtblerance of yeasts with mean number
of equatorial OH groups of sugars, and Uedaira dedaira (1980) observed that the
denaturation temperature of lysozyme increaseaiipavith increasing number of equatorial
hydroxyl groups of sugars. Thus low-molecular sedagive a protective effect during heat
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and pressure treatment that corresponds with tinegm number of equatorial OH groups, not

only on yeast vitality and protein denaturationf biso on starch gelatinisation during a
pressure treatment.
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Fig. 4.26 Degree of gelatinisation of pressurised wheatcktguspensions (5 % w/ w, 15
min, 350 MPa, 29°C) with 0.15 mol/ | sugar (1 fres®, 2 mannose, 3 galactose, 4 glucose, 5
sucrose, 6 lactose, 7 melibiose, 8 maltose, 9 lvteba 10 melezitose). The numbers of
equatorial hydroxyl groups for the sugars werewaerifrom Uedaireet al. 1980, 1985 &
1990, Gekko & Koga 1983, and Katbal.2001.

4.5.3 Impact of sodium chloride

The degree of gelatinisation of wheat, tapioca pothto starch suspensions with
increasing sodium chloride concentration is depliatefigure 4.27.

For wheat and tapioca starches, NaCl reduced gesiation. Between a NaCl
concentration of 0.5 and 2 M the gelatinisation wampletely suppressed at the pressures
applied, above 2 M the protective effect on stamgtstallites subsided and the gelatinisation
remained suppressed, but to a lesser extent. Comsty; sodium chloride can be utilised to
suppress wheat and tapioca starch gelatinisatidarurgh pressure

For potato starch suspensions, small concentrattbridaCl up to 2 M suppressed
gelatinisation with a minimum at 0.7 M (4 %), ab@:d M NaCl (20 %) the gelatinisation of
potato starch was enhanced until complete gelatinis was achieved at 5.1 M. As a result,
small concentrations of NaCl can be used to imgemtato starch gelatinisation, while the
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gelatinisation pressure of potato starch can beredsed by high sodium chloride

concentrations.
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Fig. 4.27 Degree of gelatinisation of wheat, tapioca, aothfp starch suspensions (5 % w/
w) pressurised at 350, 530, and 700 MPa, respégtifar 15 min at 29°C with increasing
sodium chloride concentration.
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Fig. 4.28 Gelatinisation curves of wheat starch suspeng®ié w/ w) without and with 1 %
(w/ w) sucrose and sodium chloride, respectivgbgrupressurisation (15 min, 29°C).
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The inhibitory effect of NaCl on wheat starch gelsation under pressure is
displayed in figure 4.28. In comparison to 1 % Yy/sucrose, 1 % NaCl has a more retarding
effect on pressure-induced starch gelatinisatidmckvcan partly be attributed to the higher
molar concentration (0.17 M NacCl in contrast to30M sucrose). Nonetheless, at the same
molar concentration the degree of gelatinisationvbéat starches is somewhat lower in the

presence of NaCl than of sucrose.

As shown in fig. 4.27, small concentrations of NgZIM) reduced gelatinisation of
potato starch with a minimum at 0.7 M (4 %), ab84# M NaCl (20 %) the gelatinisation of
potato starch was enhanced. This phenomenon wdsnoed by pressurising potato starch
suspensions with constant sodium chloride concemtrand increasing pressure (Fig. 4.29).
The gelatinisation pressure of potato starch sispes was higher at a NaCl concentration of
4 % than without salt added, it was reduced wher280 % NaCl were dissolved. This
corresponds roughly with observations made forntla¢rgelatinisation (Sandsteét al,
1960; Evans & Haisman, 1982; Maauwet al, 2001). It can be concluded that low
concentrations of sodium chloride decreased thatigedation pressure of starches, at higher
concentrations it increased again. This effect mase pronounced for potato starches than
for tapioca and wheat starches where high NaClaunations led to complete gelatinisation.
This cannot be explained so far, but it is assuthatl differences in the molecular and the

crystal structure and chemical composition of tlaechies might be responsible for that effect.

100 =

—¢— native
—— + 20 % NacCl
—=—+ 30 % NaCl
60 | | ©—+ 4% NacCl

80

Degree of gelatinisation [%]

40 -
20 |
0 = ‘ ‘
0 200 400 600 800
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Fig. 4.29 Gelatinisation curves of potato starch suspessi{bro w/ w) without and with 4,
20, and 30 % (w/ w) sodium chloride, respectivaelypn pressurisation for 15 min at 29°C.
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4.5.4 Influence of salts

The effect of several chlorides, sodium and potmssisalts on the pressure
gelatinisation of wheat, tapioca and potato stazetms also examined (Fig. 4.30-32).

Results obtained for sodium, lithium, calcium amdassium chlorides in wheat starch
suspensions and also for sodium chloride in paatbtapioca starch suspensions (Fig. 4.30)
agreed with findings made by Sandstetlal. (1960), Evans and Haisman (1982), and Jane
(1993) for thermal starch gelatinisation. The gelaation pressure first increased and then
decreased with increasing chloride concentratiensvadenced by a decrease and subsequent
increase in degree of gelatinisation with incregginloride concentration.

For other chlorides than NaCl in potato and tapistarch suspensions a slight
decrease in gelatinisation pressure was detectedvathloride concentrations (0.1 M) before
the gelatinisation pressure increased and thenedsed again with increasing chloride
concentrations. This was not reported for the ¢fiéthese salts on the thermal gelatinisation.
At high chloride concentrations (> 2 M) the impanft the salts on starch gelatinisation
augmentation followed the order N&*<Li*<C&"*, which corresponds to the order of the

lyotropic series (v. Hippel, 1975).

—A—CaCl,
—a—LIiCl
—a—KCl
—¢—NaCl
—e—CsCl

Degree of gelatinisation [%]
Degree of gelatinisation [%)]

4
Concentration [mol/l]

Fig. 4.3Q Degree of gelatinisation of wheat
(a), tapioca (b) and potato (c) starch
suspensions (5 % w/ w) pressurised at 350,
530 and 700 MPa, respectively for 15 min at
29°C with increasing chloride concentration.

Degree of gelatinisation [%]

Concentration [mol/I]
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In the case of caesium chloride for all three $tascinvestigated, there was first a
decrease at very low CsCl concentrations followgdah increase of the gelatinisation
pressure. The molar concentrations examined (0.&&i¢ probably not high enough to show
a subsequent decrease in gelatinisation. The effedll chlorides examined on starch
gelatinisation was the most pronounced for pot&ch suspensions.

The investigation of the effect of potassium satts pressure-induced starch
gelatinisation included potassium thiocyanate,dedibromide and chloride (Fig. 4.31). Just
as for chlorides, the effect of potassium saltstbe degree of gelatinisation differed
depending on the type of starch and on the coumnefThe effect of potassium salts on starch
gelatinisation was again the most distinct for ftstarch suspensions. For all starches an

increase in the degree of gelatinisation coulddteated above a salt concentration of 1.3 M.
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Fig. 4.31 Degree of gelatinisation of

wheat (a), tapioca (b) and potato (c) starch
suspensions (5 % w/ w) pressurised at 350,
530 and 700 MPa, respectively for 15 min
at 29°C with increasing concentration of
potassium salts.

Degree of gelatinisation

0 1 2 3 4

Concentration [mol/l]

Except for KCI in wheat and tapioca starch susmerssia decrease in gelatinisation pressure

could be observed at high concentrations. At comagons above 1 M the effect of the

potassium salts on starch gelatinisation upon priesgion also followed the order of the

lyotropic series (CkBr'<I'<SCN) (v. Hippel, 1975). Just as for the thermal geiattion, Kl

and KSCN reduced the energy required for starchtigedation. This is due to their low
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viscosity, to their good hydrating properties bgraasing the free water fraction and their low
charge-density ions SCN and I(structure breakers) interacting with starch fanditating

dissociation by inducing single helical conformati¢Jane, 1993). This could also be
observed to a lower extent after 15 min at atmosphpressure, where a degree of
gelatinisation of wheat starch suspension of apprately 15 % was achieved at a potassium
iodide concentration of 0.96 M (data not shown)e Tiifluence of high hydrostatic pressure
treatment is much more pronounced, since complefigisation was accomplished at the

same Kl concentration at 350 MPa.
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g o —¢ Na2s04 Fig. 4.32 Degree of gelatinisation of
:;3’1&40 wheat (a), tapioca (b) and potato (c) starch
2 . suspensions (5 % w/ w) pressurised at 350,
g 530 and 700 MPa, respectively for 15 min

0 ‘ ‘ ‘ ‘ at 29°C with increasing concentration of
0 0,2 0,4 0,6 0,8 1 d |t
Concentration [mol/l] sodium saits.

Sodium hydroxide and sulphate in addition to sodiahioride have also been
investigated (Fig. 4.32). Sodium sulphate causesisa in gelatinisation pressure at
concentrations below 0.07 M and a subsequent rietuetith increasing sodium sulphate
concentration above 0.07 M. At concentrations ouad 0.7 M the gelatinisation process is
almost entirely suppressed at the pressures apgbefbphate ions are so-called structure
makers, ions with a high charge density reducimgatmount of free water and decreasing the
viscosity of aqueous liquids by breaking or weakgnhydrogen bonds between water
molecules due to strong electrostatic interactiomt water molecules (Jane, 1993). At
concentrations above 0.07 M this appeared to be abplicable under pressure. Sodium
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hydroxide led, in the case of wheat and tapioceclidirst to an increase in gelatinisation
pressure, above 0.01 M the gelatinisation pressigereased again until complete
gelatinisation was obtained at 0.1 M NaOH. For fmot&arch, the degree of gelatinisation
increased from the outset and complete gelatioisatias already achieved at 0.05 M NaOH
at 700 MPa. Just as for other salts examined, @statch appears to be the most susceptible
to starch gelatinisation under pressure in thegmes of sodium salts. The observed rise in
degree of gelatinisation with increasing NaOH caoicgion was not solely due to an alkaline
gelatinisation. At atmospheric pressure and 0.1 BON in wheat starch suspensions, a
degree of gelatinisation of 17 % was achieved (dait shown), whereas at 350 MPa
complete gelatinisation was obtained. The influentesodium chloride was described in
detail above (Fig. 4.27).

4.6 Formation of resistant starch from pressurisedvheat starch

It was investigated whether a pressure-gelatioisatf wheat starch suspensions in
combination with additional treatment steps resblitea formation of resistant starch (RS) in
high amounts being advantageous to conventionataes starch production without the use
of high hydrostatic pressure. After determining qass parameters such as starch
concentration and storage temperature being fabturdor the formation of RS,
gelatinisation-retrogradation cycles according iev&rt and Pomeranz (1989) were adapted
also after acid and enzyme hydrolysis and the Rffeod as well as the microscopic images
and the X-ray diffraction patterns of the treatathples were determined and discussed. The
RS amounts yielded were compared with RS yieldainbt from thermally gelatinised wheat

starch as stated in literature.

4.6.1 Preliminary tests

In preliminary tests, several process parameters wptimised in order to obtain an
enhanced RS content in wheat starch by retrogmdatubsequent to high hydrostatic
pressure-induced gelatinisation. It was observatttie starch concentration ranging between
5 % and 20 % (w/ w) of pressure-treated suspensl@heot have a notable influence on the
RS content, whereas the RS content of heat tredbeat starch suspensions increased with
increasing concentration (Fig. 4.33). This was mesbly due to the increasing amount of

released amylose molecules realigning with increpsitarch concentration during thermal
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gelatinisation in contrast to the low amylose rséeéDouzals et al, 1998) in the course of
pressure-induced gelatinisation. A starch conceatraf 5 % was chosen for all subsequent
experiments.

Figure 4.33 also shows that the RS content in treated wheat starch suspensions
immediately after the gelatinisation was clearlgh@r or about equal to pressure treated
suspensions depending on the starch concentrdtivos.is a strong indication that the rapid
retrogradation immediately after pressurisationeolsd by DSC measurements by Stete
al. (1996) did not include the formation of RS.
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Fig. 4.33 Resistant starch content of gelatinised wheatistsuspensions immediately after a
thermal gelatinisation (15 min, 0.1 MPa, 90°C) angressure-induced gelatinisation (15 min,
500 MPa, room temperature), respectively, in depeod on the starch concentration.

The storage temperature subsequent to pressunisaie also evaluated. As Douzals
et al. (1998) already indicated analysing the retrogiadabehaviour of pressure-gelatinised
wheat starch, low storage temperatures (6°C ana temperature for 24 h) yielded lower RS
contents compared to thermally gelatinised wheatkt(Fig. 4.34). Freeze-thawing (-20°C to
room temperature) of pressurised starch did aldolead to an enhanced RS content in
comparison to heat-treated or unfrozen pressuatenlestarch , while freeze-thawing of
thermally treated starch resulted in an enhancemeRS content. This was in accordance
with findings made by Chunet al. (2003). Subsequent freeze-drying did not furthdragce
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the RS content of either heat or pressure-tredasedrs(data not shown). However, storage at
40°C and 52°C for 24 h following a pressure treatimesulted in higher RS yields in
comparison to heat-gelatinised starch, as depiatedigure 4.34. The RS content of
pressurised starch increased with increasing stor@gnperature. Therefore a storage
temperature of 52°C was selected for further expemis. Storage slightly below the
gelatinisation temperature is called annealing amdknown to induce a molecular
reorientation and reorganisation of the granulacsiire (Tester & Debon, 2000). Although
annealing causes an increase in gelatinisation eématyre, wide angle X-ray diffraction
patterns of not gelatinised wheat starches argared by annealing leading to the conclusion
that crystallites remain unchanged. Neverthelesbaapening of DSC peaks due to annealing
is a definite indication for a rise in homogeneityd for a modification of the embedding of

starch crystallites in and their coupling forcesht® amorphous matrix (Stute, 1992).

—— Pressure-gelatinised
T —<— Heat-gelatinised

RS content [%]
w

0 T T T T T
0 10 20 30 40 50 60
Temperature [C]

Fig. 4.34 Resistant starch content [%] of wheat starch essipns (5 % w/ w) 24 h after a
thermal gelatinisation (15 min, 0.1 MPa, 90°C) angressure-induced gelatinisation (15 min,
500 MPa, room temperature), stored at 6, 20, 49 58AC, respectively.

A pressure treatment of wheat starch suspensiossaisa performed at 53°C, 58°C,
and 66°C, and compared to room temperature andren#h treatment at 90°C to explore the
effect of higher temperatures during pressurisatiorthe RS formation (Tab. 4.5). The RS
content of pressurised suspensions appeared teaserslightly with increasing treatment
temperature. But the determination method by Mc@leend Monaghan (2002) is only

designed for samples with a RS content above 2W%btleerefor a slight inaccuracy cannot be
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excluded. In addition to that, the thermal influer@eemed to prevail. Thus, in order to

prevent a thermal impact, pressure treatments pesfermed at room temperature thereupon.

Tab. 4.5 Resistant starch content of wheat starch suspengb % w/ w) pressurised at
different temperatures in comparison to thermahtygkation

Pressure [MPa] Time [min] Temperature [°C] RS content [%]
500 15 RT 1.46 +0.33
500 15 53 1.72 £0.09
500 15 58 1.81+0.42
500 15 66 2.30+£0.46
0.1 15 90 2.25+0.26

RS - resistant starch; RT — room temperature

4.6.2 Resistant starch formation after high pressue treatment

Based on all these experiences, high pressureirgséat wheat starch suspensions
were continuously annealed at 52°C for up to tersq&ig. 4.35). The RS content increased
linearly up to 7.7 % the first192 h and remainedulrtonstant thereafter. However, after 528
h of annealing a RS content of approximately 9 % maasured (data not shown), so a slight
increase in RS with continuous annealing proceetlbédse findings were in agreement with
Eerlingenet al. (1993a) stating that RS vyields largely dependedtorage temperature and
storage time. Besides, it could be concluded thaerhancement in RS content after high

hydrostatic pressure treatment is achievable.

Additionally, gelatinisation-retrogradation cyclascording to Sievert and Pomeranz
(1989) were adapted, i.e. wheat starch suspensiens pressure-gelatinised (500 MPa, 15
min) and annealed (23 h 45 min, 52°C) in 24 h-cycépeated up to ten days. As depicted in
figure 4.35, continuous annealing subsequent tingles pressure-treatment and pressure-
annealing cycles were compared. The RS contergased more rapidly within the first 72 h
of pressure-annealing cycles, then the curves @e or less parallel exhibiting a similar RS
formation rate. Overall, the cycling yielded a clgdigher RS content with 12.6 % after ten

days.

81



Results and discussion

14
12

10

RS content [%]

—¢— Annealing at 52C

2 _|
—&— Pressure-Annealing-Cycles at 52C
O I T T T T
0 60 120 180 240 300
Time [h]

Fig. 4.35 Resistant starch content of wheat starch suspengb % w/ w) pressurised at 500
MPa for 15 min at room temperature followed by amnbus annealing at 52°C in comparison

to annealing at 52°C interrupted by a pressurigasitep every 24 h (Pressure-annealing-
cycles).
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Fig. 4.36 Resistant starch content of wheat starch suspendi5 % w/ w) alternately
pressurised at 500 MPa for 15 min and stored anhrmmmperature (RT) or at 52°C for 23 h
45 min (Pressure-storage-cycles and pressure-angiegicles).

Although the RS content of wheat starch suspenswas enhanced by pressure-
annealing cycles respective to continuous annealftey a sole pressure-gelatinisation, the
storage temperature nevertheless appeared to éxenileing for the increase in RS. Pressure-
storage cycles at room temperatures resulted irmnass RS formation in comparison to both

pressure-annealing cycles and persistent anngd#igg4.36). There is an increase in RS with
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increasing treatment time but the RS formationsgly slower and a RS content of about 5.6
% is reached after 10 cycles. However, a higheldyie RS is produced by cycles in
comparison to continuous storage at room tempergtlata not shown). Consequently, stored
at the same temperature, the pressure-storagesayapgoved the RS yield, while a higher

temperature (below the gelatinisation temperatlgayls to a further enhancement in RS
content.
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Fig. 4.37 Resistant starch content of pressure-gelatimséigte, acid hydrolysed and enzyme
hydrolysed wheat starch suspensions annealed & ®28rrupted by a pressurisation step
(500 MPa, 15 min, room temperature) every 24 hgd$tnee-annealing-cycles).

For an additional increase in RS, high pressuratiggded wheat starch suspensions
were enzyme and acid hydrolysed prior to pressoneaing cycles, respectively. Figure
4.37 shows the RS content of unhydrolysed, aciddiysed, and enzyme hydrolysed wheat
starch suspensions during eight days of pressureating cycles. For the hydrolysed
samples, the RS content was also determined diraftér the hydrolysis step and after the
pressurisation following hydrolysis. Initially, aydirolysis step increased the RS content,
whereas acid hydrolysis led to a higher yield taanyme hydrolysis. This could be explained
by the maintaining of the granular form of the greg-gelatinised starches which possibly
impaired an enzyme attack (Fig. 4.38). Howevewas surprising that the RS content after
enzyme hydrolysis was lower than of unhydrolysedcst after four to eight cycles. Although
leading to an initial increase in RS, the enzyneattnent obviously reduced the maximum

yield at the conditions applied. This could possibé due to the pH decrease by addition of
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acetate buffer during pullulanase incubation. Itaiso possible that starch degradation

products, being partially generated by enzyme Hydi® subsequent to pressurisation, might

sterically impede the formation of RS

or that tkeaxiation of linear starch chains to ordered

structures due to enzyme hydrolysis was destroydgtddetermination method utilised.

Nevertheless, it can be concluded that enzyme kysisoof pressure-gelatinised

starch did not improve the RS yield

1998) which again indicated that thermal gelatimigaand pressure-induced gelatinisation

differed. Generally, the acid hydrolysis yielde@ thighest amounts of RS, but a higher RS

content than 12.1 % could not be ach

4.6.3 Microscopic examination

as seen fot kreated starches (Vasanthan & Bhatty,
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Fig. 4.38 Microscopic images (x 400)
and enzyme hydrolysed wheat starch

]
of pressure-gelatiohigehydrolysed, acid-hydrolysed
suspensionsb@3dVPa, 15 min) and of

unhydrolysed, acid-hydrolysed and enzyme hydrolygleeat starch suspensions after 192 h

of pressure-annealing cycles (d-f; 500
atmospheric pressure).

MPa, 15 maam temperature; 23 h 45 min at 52°C,
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Figure 4.38 depicts the optical appearance of nahehlysed, acid hydrolysed, and
enzyme hydrolysed wheat starch suspensions akssyre-induced gelatinisation (Fig. 4.38
a-c) and after 8 pressure-annealing cycles (19Bip) 4.38 d-f).

It becomes clearly visible that the granular sutetremained intact after all
treatments. However, after acid hydrolysis the giasurfaces appeared to be slightly jagged
and damaged suggesting a minor degradation whicld cpossibly be responsible for
realignment of degraded starch chains leadingttogeadation and crystal formation and the
consequential rise in RS. After 8 pressure-anngalytles, the starch granules seemed to be
stressed as expressed by loss of shape remindgigpset remnants. But a staining with iodine
did not reveal a visible amylose leaching. Micrgecaobservations through polarised light
featured absolutely no maltese crosses or anyrinigeincy before the pressure-annealing
cycles, however after 8 days of pressure-annealates, regions of several starch granules
exhibited the development of remote luminance g birefringence (data not shown).

4.6.4 X-ray analyses

X-ray diffraction patterns of native (a), pressgedatinised (b), pressurised and
annealed (c), and pressurised unhydrolysed, acdrolysed and enzyme hydrolysed,
respectively, prior to pressure-annealing cyclef) (@heat starches are shown in figure 4.39.
Peaks at 9.5 ® were caused by the aluminium sample carrier. Téigvén wheat starch
exhibited an evident A-type crystallinity as idéetl by strong peaks at 15.18, 17.13, 18.03,
and 22.86 °® (5.83, 5.17, 4.91, and 3.89 A) and weaker peakisla9, 20.06, 26.69, and
30.36 °® (7.70, 4.42, 3.34, and 2.94 A) (Fig. 4.39 a; Zoh8b4). A transformation of the A
towards a weak B-type pattern could be observedliopressurised starches which was in
agreement with results obtained by other reseammhpg (Hibiet al, 1993; Stutest al, 1996;
Katopoet al, 2002). The intensity as well as the sharpnesseopeaks of the X-ray patterns
of pressure-gelatinised and pressurised, annedtedtvstarch (Fig. 4.39 b-c) decreased as a
result of loss of crystallinity. One blurred doulpleak (17.2 and 19.5@R i.e. 5.16 and 4.54
A) was obtained. When undergone pressure-annealjiolgs after pressurisation, the peak
intensity of the X-ray pattern slightly increasedt bwas still to some extent lower in
comparison to native wheat starch and a third peaknd 21.82 °@ (4.07 A) became visible
(Fig. 4.39 d). This indicated a rise in B-type ¢ajlinity. Enzyme hydrolysis prior to
pressure-annealing cycles resulted in equal peghsity and hence crystallinity as native
wheat starch and a distinct B-type pattern couldlserved (Fig. 4.39 f). In contrast, acid
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Fig. 4.39 X-ray diffraction pattern of native wheat starch, @essurised (500 MPa, 29°C, 15
min), freeze-dried wheat starch (b), pressurisedealed (192 h, 52°C), freeze-dried wheat
starch (c), and pressurised, unhydrolysed, acidédhysed and enzyme hydrolysed wheat
starch suspensions after 192 h of pressure-angeaioies (500 MPa, 15 min, room
temperature; 23 h 45 min at 52°C, atmospheric pre¥sind a freeze-drying step (d-f).

hydrolysis prior to pressure-annealing cycles ledatmajor decrease in peak intensity of

peaks representing B-type crystallinity. Therefoismall peak at 27.57 @2(3.24 A) and an
intense sharp peak around 31.86 2.8 A) appeared (Fig. 4.39 e). It was unlikelgttthese
peaks represented RS because they could not bd fouhe X-ray diffraction patterns of all
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other samples. So it was assumed that they depicysthlline regions of starch degradation
products.

Except for the hydrolysed samples, the rise in pe#dnsity and consequently in
crystallinity was accompanied by an increase in R8.since the acid hydrolysis yielded the
highest amount of RS, no association between diipgia and RS content could be
concluded. Furthermore, no peak was discoveredinbegased analogously with increasing

RS content and thus represented RS crystallinity.

4.6.5 Résumé

Comparing the impact of gelatinisation process nhaecement in RS content, the
influence of the starch type needed to be congidétegh amounts of RS (up to 48 %) were
yielded treating heat gelatinised high amyloseckies (Berry, 1986; Sievert & Pomeranz,
1989; Chiuet al, 1994; Vasanthan & Bhatty, 1998; Chueigal, 2003) while Kettlitzet al.
(2000) achieved a RS content of more than 55 %rbgyzing an acid-thinned, enzymatically
debranched, spray-dried starch product. This givesmpression that pressure-gelatinisation
Is not an effective method for the production of-fiR® starches considering the RS yields
obtained. However, using wheat starch for the ecé@ent of RS content, the thermal

gelatinisation did not appear superior to presg@latinisation as can be seen in table 4.6.

Tab. 4.6 Resistant starch content of pressure-gelatimdesht starch suspensions (5 % w/
w) after 192 h of different treatments (annealin§2fC, storage at room temperature) in
comparison to resistant starch contents of wheatlsisuspensions yielded after thermal
gelatinisation as stated in literature

Pressure-gelatinised (192 h) RS [%]
Continuous annealing 7.74
Pressure-storage-cycle 5.14
Pressure-annealing-cycle 11.52
Acid hydrolysed, pressure-annealing-cycle 12.08
Enzyme hydrolysed, pressure-annealing-cycle 10.22
Heat-gelatinised

Boiling, autoclaving (1 h), cooling, freeze-dryi(giljestromet al, 1989) 6.20
Autoclaving (1 h) once; cooling (1 h), boiling (&tin), 3 cyclesn (Bjorclet al, 1987 7.80
Autoclaving (1 h), cooling, freeze-drying (Siev&rPomeranz, 1989) 7.80
Autoclaving (1 h), overnight at 4°C, 2 cycles(dedd) (Eerlingeret al, 1994) 9.00
Autoclaving (1 h), 5000 min at 100°C (Eerlingenal, 1993a) >10.00
Autoclaving (45 min), 24 h at 4°C, 5 cycles (Bert986) 15.00
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As stated in literature, the yields in RS obtaitgdthermal gelatinisation of wheat
starches ranged between 6.2 and 15 %, whereas dR$ yibtained after pressure-induced
gelatinisation ranged between 5.14 and 12.08 %.mphg1992) observed in an
interlaboratory study that the method by Berry @Q98esulted in higher RS contents for
cereal products in comparison to other determinatnethods. Consequently, the 15 % RS
produced by Berry (1986) might be slightly inflatddhus, the pressure-induced gelatinisation
of starches produced comparable yields in RS aitons optimised for pressure-gelatinised
wheat starches. Further studies of the impactgif hiydrostatic pressure treatment on the RS
content of other starches, especially of high aswglstarches, is required to confirm this

observation for starches in general.

Although the pressure treatment of wheat starchess chot appear to provide
advantages regarding RS production in comparisorheat treated wheat starches, the
resulting physico-chemical properties of the presdreated starch suspensions differ and
thus offer opportunities for the development of elofood products with a supplementarily
enhanced RS content. In contrast to thermal protwedsigh hydrostatic pressure treatment of
starch suspensions leads to e.g. a limited retdagien and a limited expansion of molten
granules under pressure (Douzeisal, 1998) and differing paste/ gel properties wittvdo
viscosity and higher storage moduli (Stettal, 2001). Therefore, products richer in starch
but with the same viscosity can be obtained by lpgéssure treatment. Additionally, high
pressure processing enables control of a desirgeeef crystallinity by modulating process
parameters such as pressure, temperature, watmnt@md treatment time (Douzads al,
1998; see chapter 4.4 and 4.5).

4.7 Impact of pressurised wheat starch on bread

The influence of pressure-gelatinised wheat stegplacing 5 % (w/ w) of the flour in
bread dough on the firmness and elasticity of tiead texture upon storage for one and five
days was investigated. Since it was stated inalitee that high hydrostatic pressure treated
starches exhibited a slower retrogradation comptoethermally treated starches (Ezaki &
Hayashi, 1992; Douzalst al, 1998), it was aimed to obtain bread with betteErage
properties in terms of ageing. This was affirmedabgatent specification (Codovilli, 2004)

proprietary of the manufacturer of pasta and bakeoducts Barilla, where it was claimed
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that a replacement of 2-20 %, advantageously 5-10i&h pressure treated starch (300-700
MPa, preferably 550-650 MPa, for 5-15 min) for flaasulted in a by at least 20 % decreased
hardness measured after 30 days of storage in c@mopao the reference bread without

pressure treated starch.

HP starch

Fig. 4.4Q0 Wheat bread with 5 % high pressure (HP) treatedat starch (5 g/ 100 g flour)
and reference wheat bread without pressurisednssdier one day of storage.

However, it is unusual to determine textural préipsrof bread after a storage time as
long as 30 days, since wheat bread is supposed tmtsumed within approx. 3 days after
baking. Additionally, contradictory statements ceming the retrogradation behaviour of
pressurised starches could be found in literatsteteet al. (1996) and Katopet al. (2002)
observed an additional DSC peak upon pressurisafiatarches, which Stutt al. (1996)
attributed to rapid retrogradation, and Katogioal. (2002) concluded the peak to be an
indication for the formation of B-type crystals aftA-type crystallinity due to the pressure
treatment. Stolet al. (2001) observed comparable retrogradation behawbtheat-induced
and pressure-induced starch gels. Except for thenpapecification (Codovilli, 2004), all

investigations regarding the retrogradation behaviof pressure treated starches were
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performed on mere starch suspensions without furteatment steps such as mixing or
baking and without any solutes or acids such aarsisglt and ascorbic acid. According to the
patent specification mentioned before, the effettpoessure gelatinised wheat starch
suspensions replacing flour (and water) on hardaessselasticity of bread was examined.
The baking as well as the subsequent texture merasmts of the breads were performed in
the laboratory of food technology | at the Univerof Applied Sciences TFH Berlin, from
where also the standard recipe and the baking guoeehad been adopted. The baking
temperature was chosen at 210°C according to thentppapecification. Firmness and
elasticity of the bread crumbs were determinedr ajtee and five days of storage at room
temperature in a sealed plastic bag.

Generally, the pressurised starch containing bréadsroughly the same size as the
reference breads, only one was slightly smallezaasbe seen exemplary in figure 4.40. The
appearance of the breads as well as the crumbtigteuof the slices exhibited no visible

discrepancies.

1200 0,80
1000 0.75 O reference
O reference [ T ’ I T O with starch
= 800 | O with starch € 0701 |
7 ; |
@ 600 - T E 0,65 -
: I z |
T 400 - T 2 0,60 1 (
== T ©
200 1 Y055 - ‘
0 w 0,50 ‘
1 day storage 5 days storage 1 day storage 5 days storage

Fig. 4.41 Firmness of wheat bread bakedrig. 4.42 Elasticity of wheat bread baked
after a standard recipe (reference) and afteafter a standard recipe (reference) and after a
standard recipe but with 5 % of the wheadtandard recipe but with 5 % of the wheat
flour replaced by high pressure treated whe#libur replaced by high pressure treated wheat
starch (10 % suspension, 15 min, 600 MPa)starch (10 % suspension, 15 min, 600 MPa).

The firmness of the bread crumbs of the referemeadand of the bread containing

pressure-gelatinised starch after one and five dagsorage at room temperature is depicted
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in the column chart in figure 4.41. The firmnessswiarived from the height of the first peak
of the texture analysis (see appendix fig. A2).

In general, it can be concluded that the firmndsaldoreads increased after five days
of storage with respect to one day of storage. @ame after baking, the bread containing
pressurised starch and the reference bread exhimitelifference in firmness. However, there
appeared to be a trend that the bread containiegsprised wheat starch revealed a slightly
higher firmness than the reference bread afterdaryeof storage if the column heights were
compared. This trend consisted five days after rfggkiwhere the mean firmness of
pressurised starch containing bread was visiblizdrighan the mean firmness of the reference
bread. Since the standards deviations of the meamunts overlapped however, no clear
statement can be made regarding the influenceesfspre gelatinised starch on the firmness

of bread crumbs.

The elasticity of the bread crumbs of the referesaraple and of the bread containing
pressure-gelatinised starch after one and five dagsorage at room temperature is depicted
in the column chart in figure 4.42. The elasticitgs obtained from the ratio of the second
peak area over the first peak area of the textuaéysis (see appendix fig. A2).

Comparing the elasticity of the crumbs one and tags after baking, a decrease in
elasticity can be observed with increasing stortigee. After one day of storage, the
elasticities of the bread containing pressurisenickt and the reference bread showed no
differences. In accordance with the firmness ofdhenbs, there appeared to be a trend that
the bread containing pressurised wheat starch lety@asomewhat lower elasticity than the
reference bread after one day of storage if thensol heights were compared. This trend
enhanced five days after baking, where the avestaggicity of pressurised starch containing
bread was visibly lower than the average elastwitthe reference bread. Since the deviations
of the measurements overlapped however, no exgliaiement can be made regarding the
influence of pressure gelatinised starch on thsetielty of bread crumbs at the conditions

applied.

Recapitulatorily, it can be said that the expectatlicing effect of pressurised starch
on staling of bread and starch retrogradation asessed by firmness and elasticity was not
observed and the results of the patent specificg@odovilli, 2004) could not be confirmed.
On the contrary, the firmness of the bread crundweldl an increasing trend for pressurised

starch containing bread whereas the elasticitylgted a decreasing trend. One reason for
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this could be the lower content of flour ingredeebesides starch such as wheat protein and
pentosans due to a replacement of wheat flour b starch. Wheat proteins and pentosans
have a high influence on bread quality e.g. pem®szause better crumb properties and
increased freshness (Ternes, 1994). However, Qitentd Farhat (2004) found no evidence
for significant effects of gluten on amylopectirirogradation, so a decreased gluten content
should not alter the bread firmness. On the otlardhit is assumed that bread firmness
development and starch recrystallisation, althobgimg related are separate events, because
bread firmness was not determined by the total atnolicrystalline fraction but the the type
of crystallites formed (Osellet al, 2005). Since an increase in B-crystallites iatieh to V-
crystallites enhanced bread firmness (Osetlal, 2005) and A-type crystals underwent a
transformation to B-type crystals upon pressusafHibi et al, 1993; Katopaet al, 2002),
it is therefore possible, that pressurised starahuyes promote bread firmness.

Another possibility could be that the pressurissbllen starch granules are disrupted
during the mixing process leading to free amyloed amylopectin in the dough. Once
released from the granular containment, the staralecules might tend to retrogradation and

thus increase the firmness and decrease the élasfithe bread crumb.
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5 CONCLUSIONS

With the development of the HPDS high pressureinatiombination with an inverse
microscope it was possible to obtain in situ imagék both high optical resolution and high
quality up to pressures of 300 MPa. The maximunsgre of 300 MPa was not sufficient
enough to observe swelling of potato and tapioeeickt granules whereas wheat starch
granules showed a thorough swelling of most granudering pressurisation. Further
development is required to enable in situ microgcopservations at higher pressures.

A pressure treatment of potassium iodide-iodinensth wheat starch and tapioca
starch suspensions resulted in a complete decoilonraf the starch granules while
pressurised potato starch granules discoloured gigiitly. The decolouration was regarded
as a cause of dilution due to water uptake as agld possible amylose release from the
amorphous regions in the process of pressure-indstach gelatinisation where released
amylose molecules formed complexes with iodine pdsiut of the single helices by pressure
and the complexes formed accumulated in the damgditjuid phase. More data derived from

complementary analysis methods is required foramplg these experimental results.

The electrical conductivity of starch suspensiamsréased with increasing pressure
which suggested an ion release during pressuresgttstarch gelatinisation as well as an ion
concentrating effect due to water uptake of thechtgranules. Since the starch granules
maintained their granular form, it was still uneéntif there was a release of ions during
pressurisation or after pressure release. Thissnedoke clarified in future investigations.

There was a good linear relationship between thgre#eof gelatinisation and the
electrical conductivity data for all three starciregestigated. Since the electrical conductivity
of wheat, tapioca and potato starch suspensionselated well with the degree of
gelatinisation of the starches after pressurenreat it could be applied as a tool for the quick
and simple determination of pressure-induced stgsthtinisation. The same was valid for
the degree of gelatinisation and the water bindeqgacity of pressurised starch suspensions.

Online-measurements of the electrical conductiditying a pressure treatment need to
be developed and performed in order to ascertdiisfmethod could be applicable for in situ

monitoring and controlling the degree of gelatitimaobtained after a pressurisation step.

It was shown that pressure-induced starch gelatiois was highly sensitive to
changes in temperature, pressure and treatment Tineedegree of gelatinisation of all three
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starches examined increased with increasing teryvergressure and treatment time. Hence,
an application as an extrinsic PTTI seems possidlenajor benefit of pressure-induced
starch gelatinisation is the variation of presssgasitivity depending on the type of starch.
Starches can be systematically selected that gslatbver a pressure range at the temperature
and treatment time applied in the high hydrostatiEssure process that reflects the pressure
range requested for ensuring process efficiencysafety. Furthermore, they can easily be
encapsulated within the packaging material and firaside, in conjunction with a colour

indicator, a simple tool for the monitoring of highessure processing conditions.

Additionally, it can be concluded that in genera teffects of salts and sugars on
starch gelatinisation were comparable for therntal @ressure treatments. However, the
extent of influence of salts on pressure-inducadchtgelatinisation seems to be dependent on
the type of starch. Potato starch, although thet mi@ssure resistant, appears to be the most
susceptible to salts and gelatinises at lowercsadtentrations under pressure in comparison
to wheat and tapioca starches at the pressurege@dpplt high concentrations (> 2 M) the
impact of chlorides on pressure-induced starch tigedation followed the order
Na<K<Li<Ca, which corresponds to the order of thefrikister series. At concentrations
above 1 M the effect of potassium salts on pressuheced starch gelatinisation upon
pressurisation also followed the order of the Igpit series (CI<Br<I<SCN). The
gelatinisation pressure is increased by sugarstheddegree of gelatinisation is linearly
correlated with the number of equatorial hydroxybups. Since pressure-induced starch
gelatinisation is strongly dependent on the watertent and is decreased in the presence of
sugars and water structure making ions (e.g>$@nd increased by water structure breaking
ions such as SCNit is suggested that the availability of free @&ats crucial for starch

gelatinisation under pressure.

Heat and pressure-gelatinised wheat starch sugpensixhibited differing resistant
starch (RS) formation behaviours as expressed gn aptimum storage temperature and
treatment steps such as enzyme hydrolysis not gawproved the RS yield of pressure-
gelatinised starch as seen for heat treated starchbis proves the differences in
gelatinisation processes. It can be concluded dahBS enhancement after high hydrostatic
pressure treatment is achievable, since RS yiefdapprox. 12 % were obtained. In
comparison to patented RS formation via enzyme atkgion subsequent to thermal

gelatinisation yielding an RS content of above 5%k%itlitz et al, 2000), pressure treatment
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did not appear to be beneficial for the productadnhigh amounts of RS. However, in
comparison to heat gelatinised wheat starch, theyiBiis achieved after pressure-induced
gelatinisation were in the same range. This isralication that high hydrostatic pressure-
induced gelatinisation might well be used as agradttive for the production of high amounts
of RS, though there is apparently no advantageSrpRduction from wheat starch by means
of high pressure gelatinisation.

Further research should involve the influence ajhhpressure on high amylose
starches and starches of different origins, pressmperature combinations above 66°C,
enzymatic treatments during pressurisation, andrélestant starch formation due to long-
time-pressurisation as suggested by Hayashi anddtiéda (1989).

Investigating the impact of pressure gelatinise@atlstarch replacing 5 % of the flour on the
storage stability of wheat bread no definite st@ieincan be made. The expected
improvements of the textural properties and théf dife of the bread could not be detected.
However, a trend towards a decrease in elasticity iacrease in firmness of pressurised
starch containing bread could be observed aftex tiays of storage. This leads to the
conclusion that pressurised wheat starch doesathice retrogradation but shows a trend

towards enhanced deterioration of quality in teainextural attributes.

It can be concluded that pressure-induced stariatigsation offers a lot of potential
for the development of novel food properties dueitsodiffering physical and textural
properties in comparison to heat-induced gelatiiea More research is required to fully
comprehend the differences in thermal and pressdigeed gelatinisation mechanisms in

order to make use of the advantages of pressuatigséd starches for industrial products.
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Appendix

APPENDIX

Tab. Al. Peak temperatures, inflexion points, and masd®HSC, TG, and DTG analyses
of dry, native wheat, tapioca, and potato starcimeker anaerobic conditions at a heating rate

of 10°K/ min in a temperature range from 0°C to 450

DSC curve Wheat starch| Tapioca starcl Potato starch

Onset T [°C] 55.3 20.5 46.5
Peak T [°C] 114.4 109.6 120.5
Offset T [°C] 153.1 265.6 178.2
Onset T [°C] 262.6 265.6 253.0
Peak T [°C] 286.5 281.0 276.5
Peak T [°C] 294.9 290.2 280.5
Peak T [°C] 304.0 304.2 286.0
Peak T [°C] 310.8 315.2 -
Offset T [°C] 320.1 332.8 314.0
TG curve

Inflexion point [°C] 308.9 313.8 303.2
mass loss [%0] 77.35 81.11 71.68
DTG curve

Onset T [°C] 293.0 289.7 285.5
Peak T [°C] 308.7 312.8 303.1
Offset T [°C] 319.4 331.7 314.1
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Fig. Al. DSC, TG, and DTG curves of dry, native tapio@act under
anaerobic conditions at a heating rate of 10 °K/mia temperature range
from 0°C to 450°C.
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Fig. A2. Exemplary texture analysis diagram of bread aomig pressurised wheat starch

suspension after one day of storage.



SUMMARY

The impact of high hydrostatic pressure on wheapiota, and potato starch
suspensions at different pressures, temperatumddraatment times was investigated. The
degree of gelatinisation as well as the electgoalductivity and the water binding capacity of
the suspensions increased with increasing pressutewith increasing treatment time. The
gelatinisation curves obtained with increasing gues resembled sigmoid curves
characteristic for thermal gelatinisation. The gelaation pressure of the three starches
examined differed. Potato starch exhibited the ésghpressure resistance, followed by
tapioca and wheat starch. This was attributeddctiistalline structure of the starches.

Due to its sensitivity to pressure, temperatured gmessurisation time, it was
suggested that starch could function as a predsmes temperature integrator (PTTI) in
pressurisation processes. Additionally, the elealtriconductivity was identified as a
convenient tool for the quick measurement of presguduced starch gelatinisation.

Pressure treatment up to 300 MPa in a high presslrender a microscope enabled
in situ observation of swelling of wheat starchrgias during pressurisation without granule
disintegration. This proved that the water uptakéhe granules is associated with a volume
decrease of the suspension and also emphasisdifénang gelatinisation process under heat
and under pressure. For tapioca and potato stareBB@sMPa was not sufficient to monitor
any visible changes in volume. The starch suspessiwere also stained with Lugol's
solution and a decolouration was observed uponsprisstion for 1 h at 300 MPa. This
decolouration was the most pronounced for wheatlstgranules, but also observable for
tapioca and potato starch granules.

The effect of water content as well as sugars aitd ®n pressure-induced starch
gelatinisation was also investigated. Generallgilar effects compared to thermal starch
gelatinisation in the presence of sugars and sadte found. The gelatinisation pressure was
increased by sugars and the degree of gelatinisatas linearly correlated with the number
of equatorial hydroxyl groups of the sugars. Pressuduced starch gelatinisation was
strongly dependent on the water content of thecktauspension and the degree of
gelatinisation was decreased in the presence @rswand water structure making ions (e.g.
SO) and increased by water structure breaking ionsh sas SCN Therefore, the
availability of free water was crucial for starchlafinisation under pressure. The extent of
influence of salts on pressure-induced starch igedation was dependent on the type of
starch and regardless of the pressure sensitifitlyeostarch. At high salt concentrations (> 2
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M), the impact of chlorides on pressure-inducedchtagelatinisation of all three starches
examined followed the order Na<K<Li<Ca, which cgpends to the order of the Hofmeister
series. And at concentrations above 1 M, the efdéqiotassium salts on pressure-induced
starch gelatinisation upon pressurisation alsoovedid the order of the lyotropic series
(CI<Br<I<SCN).

Since functional food ingredients are becomingeasingly important, it was aimed to
develop a process for resistant starch (RS) pramludtom wheat starch including high
hydrostatic pressure treatment. Of all treatmeepstand combinations explored, acid
hydrolysis of pressurised wheat starch prior to 35 pressure-annealing cycles resulted in
the highest RS yield with 12.08 %. High pressuiioed starch gelatinisation did not prove
to be superior to heat-induced gelatinsation fa pinoduction of RS from wheat starch.
However, the RS yields obtained were in the sanmgeaas yields from heat-gelatinised
wheat starches as stated in the literature.

In accordance with a patent (Codovilli, 2004) whigrevas claimed that pressurised
starch suspensions replacing part of the flour iwheat bread dough enhanced storage
properties of bread in terms of ageing, 5 % of fthar in a wheat bread was replaced by
pressure-gelatinised wheat starch. The elastiamy bardness of the baked breads were
determined after one and five days of storage. €kpected improvement of storage
properties could not be confirmed, on the contraryend towards increased firmness and
decreased elasticity of the bread was obtained.

It can be concluded that pressure-induced stariatigjsation offers a lot of potential
for the development of novel food properties dueitsodiffering physical and textural
properties in comparison to heat-induced gelatiiea More research is required to fully
comprehend the differences between temperatures@ttand pressure-induced gelatinisation
mechanisms in order to take optimum advantagesesipre-induced starch gelatinisation for

industrial products.
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ZUSAMMENFASSUNG

Der Einfluss von hohem hydrostatischem Druck aufi?ée, Tapioka- und
Kartoffelstarke bei verschiedenen Dricken, Tempeeat und Behandlungszeiten wurden
untersucht. Der Verkleisterungsgrad, die elekteschLeitfahigkeit und die
Wasserbindekapazitat der Starkesuspensionen erh@itd mit steigendem Druck und
steigender Behandlungsdauer. Die erhaltenen Vet&leingskurven mit steigendem Druck
ahnelten dem sigmoiden Verlauf, der charakteristic die thermische Verkleisterung ist.
Der Verkleisterungsdruck der drei untersuchtenkstéitvar verschieden. Kartoffelstarke wies
die héchste Druckresistenz auf, gefolgt von Tapiakad Weizenstarke. Dies wurde auf die
kristalline Struktur der Starken zurtickgefuhrt.

Aufgrund ihrer Empfindlichkeit gegentber Druck, Tgenatur und Druckhaltezeit
wurde vorgeschlagen, Starke als Druck-Temperaturtdgrator (PTTI) in Druckprozessen
einzusetzen. Zusatzlich wurde die elektrische Akitgkeit als ein effektives Medium fiir die
schnelle Messung des Verkleisterungsgrades aufgiezei

Druckbehandlungen bis 300 MPa in einer Hochdrud&zehter einem Mikroskop
ermoglichten in situ-Beobachtung von Quellung von eiX@nstarkekérnern ohne
Desintegration wahrend einer Druckbehandlung. Dasies, dass eine Wasseraufnahme der
Kdrner mit einer Volumenabnahme der Suspension welbn ist, und bestarkte den
Unterschied zwischen thermischem und druckinduemertVerkleisterungsprozess. Fur
Tapioka- und Kartoffelstarken waren 300 MPa nichasraichend, um sichtbare
Volumenveranderungen zu detektieren. Die Starkemsspnen wurden zusatzlich mit
Lugol’scher Lésung angefarbt, und eine Entfarbuoignke nach einer Druckbehandlung fur
eine Stunde bei 300 MPa erfasst werden. Diese botig war fir Weizenstarkekérner am
deutlichsten, aber auch fur Tapioka- und Kartotéglekodrner zu beobachten.

Auch der Einfluss vom Wassergehalt der Starkessspean, von Salzen und Zuckern
auf die druckinduzierte Verkleisterung wurde ereiitt Grundsatzlich wurden in der
Anwesenheit von Salzen und Zuckern ahnliche Effekie= bei der thermischen
Starkeverkleisterung gefunden. Der Verkleisterungskd stieg in der Gegenwart von
Zuckern, und der Verkleisterungsgrad korrelierteedir mit der Anzahl der &aquatorialen
Hydroxyl-Gruppen der Zucker. Druckinduzierte Stamskleisterung hing stark vom
Wassergehalt der Starkesuspensionen ab, und deleMézrungsgrad sank in der Gegenwart
von Zuckern und Wasserstruktur gebenden lonen @@?) und stieg in der Anwesenheit
von Wasserstruktur zerstorenden lonen (z.B. $CDemzufolge war die Verfugbarkeit an
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freiem Wasser entscheidend fur die Verkleisteruog 8tarke unter hydrostatischem Druck.
Das Ausmal} des Einflusses von Salzen auf die drdakierte Starkeverkleisterung hing von
der Starkesorte ab und war unabhangig von derenckbasistenz. Bei hohen
Salzkonzentrationen (> 2 M) folgte der Effekt vohl@iden auf die Druckverkleisterung von
allen drei untersuchten Starken der Reihenfolge KN&#&Ca, was der Reihenfolge der
Hofmeister-Reihe entspricht. Und bei Konzentrationiger 1M folgte der Effekt von
Kaliumsalzen auf die Druckverkleisterung auch dezihBnfolge der Hofmeister-Reihe
(CI<BR<I<SCN).

Da funktionelle Lebensmittelinhaltsstoffe mehr undhr in den Vordergrund riicken,
wurde angestrebt, einen Herstellungsprozess vasteater Starke (RS) aus Weizenstarke zu
entwickeln, der einen HochdruckbehandlungsschritisahlieRt. Von allen getesteten
Behandlungsschritten und - kombinationen ergab Seéngrehydrolyse hochdruckbehandelter
Starke gefolgt von 192 h Druck-Temper-Zyklen derchsfen Ertrag an RS mit 12.08 %.
Hochdruck hat sich damit gegentiber der thermis&@randlung zur Produktion von RS aus
Weizenstéarke nicht als Uberlegen erwiesen, allgedbrefanden sich die Ausbeuten an RS aus
thermisch verkleisterter Weizenstarke, wie in ddterdatur beschrieben, in derselben
Grol3enordnung.

In Anlehnung an ein Patent (Codovilli, 2004), daatsprucht, dass durch den Einsatz
von druckbehandelten Weizenstéarke, die einen TeslMehls in Weizenbrotteig ersetzt, die
Alterungseigenschaften von Brot verbessert werdeinden 5 % des Mehls in Brotteig durch
hochdruckbehandelte Weizenstarke ersetzt, und dastiEtat und die Festigkeit der
gebackenen Brote nach einem und funf Tagen Lagerbegtimmt. Die erwartete
Verbesserung der Lagerungseigenschaften konnte bedtatigt werden, im Gegenteil, ein
Trend zu erhohter Festigkeit und sinkender Elaatizies Brotes wurde festgestellt.

Es kann geschlussfolgert werden, dass druckindezMerkleisterung viel Potential
fur die Entwicklung neuartiger Lebensmitteleigeraftdn aufgrund abweichender
physikalischer und struktureller Eigenschaften inergfeich zu thermisch induzierter
Verkleisterung bietet. Um die Unterschiede der Metsémen von temperaturinduzierter und
druckinduzierter Verkleisterung voll zu verstehish zuséatzliche Forschung notwendig, damit
die Vorteile der druckinduzierten Starkeverkleistey fur industrielle Produkte ausgenutzt

werden konnen.
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