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Abstract

In this study, the effects of growth temperature, starch composition and granule
size on the gelatinisation and solubility properties of barley starch were studied.
The mechanical properties and structures of amylose and amylopectin film, with
and without added glycerol, were investigated. A novel starch-based
microencapsulation method was developed for probiotic bacteria by combining
native starch granules with amylose coating.

The suboptimal growth conditions influenced the properties of two-rowed
malting barley cultivars "Kustaa" and "Kymppi" as well as Kustaa's large A-
granules and small B-granules. The gelatinisation temperature was lower and the
rate of retrogradation less in starch grown in cold and rainy conditions. Swelling
and solubility were greater and the starch was more susceptible to amylases. The
small B-granules had a higher lipid:amylose ratio than the large A-granules. The
B-granules also had a higher dissociation enthalpy of the amylose—lipid complex
than the A-granules. Furthermore, the gelatinisation temperature was 4°C higher
for B-granules than for A-granules. During heating in excess water up to 90°C
amylopectin was mainly leached from the B-granules, whereas amylose was
solubilised from the A-granules. At 95°C, B-granules were completely
solubilised but A-granules remained partially particulate.

Amylose produced good quality films from water solutions in the presence of
glycerol. Film formation was successful even at a 70% glycerol content, whereas
films could not be prepared from amylopectin above a 30% glycerol content.
Based on calorimetric glass transition (Tg) analysis, pure glycerol was observed
to decrease the Tg. However, water had a stronger plasticisation effect. No
difference between the Tgs of two starch polymers could be observed. The Tg
was at room temperature at a water level of 21%. Phase separation to starch-rich
and starch-poor regions occurred in glycerol plasticised systems. Fresh amylose



films with 0-30% glycerol at an RH of 0-91% had B-type crystallinity at a level
of 6-32%, depending on the amount of water and glycerol. No changes were
observed in the crystallinity of the amylose films during 2 months of storage.
The fresh amylopectin films were amorphous. After a storage period of 2 months
at RH 91%, the amylopectin film with 30% glycerol showed a crystalline
structure but all other amylopectin films remained amorphous after ageing.
Crystallisation occurred in the rubbery phase of the system. Amylose film was
not fragmented or dissolved in water, and part of its structure was resistant to
amylases and acid.

Freeze-drying of native potato starch made the granules accessible to a-amylase,
and enzymatic hydrolysis appeared to occur from the inside out, producing
porous granules. The porous material was used as a bacteria carrier in a
fermentation process. Dissolved high amylose maize starch solution was added
after the growth period. Finally, the product was freeze-dried to produce powder.
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1. Introduction

Starch is a plant reserve polysaccharide synthesised in green plants via a
complicated photosynthetic pathway (Martin and Smith 1995). In plants such as
potato or barley, starch exists as partially crystalline granules, which are
insoluble in water at room temperature. The biosynthetic pathway is genetically
regulated, but environmental conditions, especially growth temperature, have an
effect on the activity of biosynthesis and the enzymes involved in it. Starch
granules have different sizes and shapes depending on the plant origin. Amylose
and amylopectin are the polymers that build up the granule architecture.
Amylose is a long and linear polymer with very few branches, while
amylopectin is a huge and highly branched molecule. The monomer building
block of starch is glucose. Glucopyranosyl residues are held to each other by a-
1,4 bonds and branches are formed by a-1,6-linkages.

From 1969 to 2001, there have been over 23,000 scientific articles in the FSTA
database concerning starch; 2960 of these articles concentrated on amylose,
while 1416 papers focused on amylopectin. The early papers described
methodologies utilised in studying starch chemical compositions and starch
structures. Many papers dealt with the microstructure and functional properties
of starches. Lately the interest has focused on starch biosynthesis and the
modification of the starch structure by genetic methods. Many new techniques
have been developed and used to find correlations between observed properties
and compositions.

Of all plants, the most important as starch sources, commercially and globally,
are cereals — corn, rice and wheat — and tubers — potato, tapioca and arrowroot.
Of the total world starch production, approximately 83% is derived from corn;
the next most important sources are wheat (7%), potatoes (6%) and tapioca (4%)
(De Baere 1999). Specific sources are sorghum, barley, oat, rye, amaranth and
banana. The USA produces more than 60% of the world’s starch. In 1997 in
Europe the total production of native starches was 7.3 x 10°t (Bergthaller et al.
1999).

Starch is used both in food and non-food applications. The largest user is the

paper industry (Roper 1996), which accounts for approximately 20% of all of
Europe’s starch production. Of total starch production, food applications use
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55% and non-food applications use 45%. Native starch is usually modified
mechanically or chemically in order to induce special properties. Fifty years ago,
it was suggested that starches could be used as edible films or coatings (Wolff et
al. 1951, Langlois and Wagoner 1967). Recently, much research activity has
focused on the use of starches as bioplastics (van Soest and Essers 1997, Della
Valle et al. 1998, Hulleman et al. 1998, Forssell et al. 1999). Additionally, recent
studies have aimed at understanding the structural/functional properties of
amylose and amylopectin films (Lourdin et al. 1995, Rindlav-Westling et al.
1998). Special starch products include maltodextrins, cyclodextrins and resistant
starches. Resistant starch is used as a nutrition compound (Rdper 1996), and
maltodextrins (Che Man et al. 1999) and B-cyclodextrin (Dziezak 1988, Brazel
1999) are used for microencapsulation or as binders for active compounds, such
as flavours. The new applications are starch aggregates and starch granule
hydrolysates, which have been suggested to function as carriers or binders
(Whistler 1989, 1997), and amylose, which has been used as a component in
controlling drug delivery (Ring et al. 1994).

Finland is located at 60° N, and has a hard climate. Summers are short, and some
years they can be very wet and cold. Growing conditions are often difficult.
Barley and potato can be grown over the whole country, and barley is the most
cultivated cereal, used widely for food and feed. The Finnish company Primalco
uses barley for ethanol production, especially the small B-granules with their
high protein content. Finland produces 189,000 t of malting barley annually,
which is about 2.5% of all malt production in the European Union (Home 2002,
personal communication). The potato is also an important plant in Finland,
especially in northern areas. Potato starch is used both in the food and non-food
industries, especially in the paper industry.

1.1 Starch biosynthesis

Starch synthesis occurs in green plants in two steps. Transitory starch, leaf
starch, is synthesised during daylight at the same time as photosynthesis occurs
in the chloroplast (Visser and Jacobsen 1993). During the dark period when
photosynthesis is inhibited, leaf starch is degraded, and sucrose is formed, which
is then transported to sink tissues (Ghiena et al. 1993, Matheson 1996).
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Starch granule synthesis in green plants occurs in so-called amyloplasts, which
are organelles containing the enzymes needed to biosynthesise starch polymers
(Keeling et al. 1988, Martin and Smith 1995). The mechanism of starch
biosynthesis is not known; in particular, the regulation of the reactions is mostly
not understood. The enzymes involved are ADP-glucose pyrophosphorylase
(ADPGPPase; EC 2.7.723), starch synthase (SS; EC 2.4.1.21) and starch
branching enzyme (SBE; EC 2.4.1.28). The synthesis begins in the stroma,
where the sucrose from transitory starch is degraded to fructose and glucose. The
deposition of starch within endosperm amyloplasts starts within a few days of
fertilisation.

Amylose and amylopectin molecules are synthesised from ADP-glucose, which is
synthesised from glucose-1-phosphate and ATP in a reaction that is catalysed by
ADPGPPase (Martin and Smith 1995). Starch synthesis is facilitated by the
enzyme SS, which catalyses the synthesis of an a-1,4-linkage. The enzyme SS has
two different forms, one bound to the starch granule and the other in the soluble
phase of the amyloplast. During the maturation, both starch polymers are
synthesised simultaneously (Visser and Jacobsen 1993), but at the beginning of
the synthesis the amount of amylopectin is higher than amylose (Shannon and
Garwood 1984). Martin and Smith (1995) postulated that the amylose molecule
is synthesised by the granule-bound starch synthase (GBSS), which is located in
the amylopectin molecule. The amylopectin molecule is synthesised by very
complex enzyme collaboration. The a-1,6-branches are made by SBE, which
hydrolyses an a-1,4-linkage within a chain and then catalyses the formation of an
a-1,6-linkage between the reducing end of the "cut glucan chain" (Martin and
Smith 1995). Recently Ball et al. (1996) suggested that the building of the
amylopectin molecule structure starts from highly branched glycogen prestarch

(Fig. 1).
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Fig. 1. The Ball et al. (1996) suggestion for amylopectin molecule synthesis. A
and B: elongation from amorphous lamella until critical size for branching
enzymes is reached. C: random branching. D: debranching trims down the
loosely branched glucans. E: next amorphous lamella is generated.

It is not only the genetic background of a plant but also the growth conditions that
affect starch biosynthesis. Excessively high growth temperatures have been
observed to reduce the conversion of sucrose to starch in the endosperm, cleavage
of sucrose by sucrose synthase is reduced and soluble starch synthase activity
decreases (Keeling et al. 1988, Jenner 1991, Hawker and Jenner 1993, Keeling et
al. 1993, Savin et al. 1997).

1.1.1 Starch granule

The size and morphology of starch granules vary depending on the plant origin,
and the shapes can be round, elliptical, oval, lenticular, polyhedral or polygonal
and irregular sausage shaped (Lineback 1984, Jane et al. 1994). The smallest
granules are rice and amaranth starches (1 pm in diameter) and the largest
granules are potato and tapioca starch granules, with a 100-um diameter
(Seidemann 1966, Bello-Pérez et al. 1998). The maize starch granule surface can
be porous, or starch granules may have pinholes on the surface or near the
equatorial groove (Evers et al. 1971, Fannon et al. 1992), as in large wheat and
barley starch granules. In general, the surface structure has been studied very
little. Starch contains around 10% water at RH 54% and 20°C.
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Two different sizes of granules are observed in barley and wheat starches. Starch
granules from mature barley kernels can be separated into two clearly defined
populations: large A-granules, ca. 10-15 um in mean diameter, and small B-
granules, 2-5 pm in mean diameter (Morrison et al. 1986). During maturation,
the large A-granules are formed first, while around 15 days after anthesis, small
B-granules are developed in barley (Karlsson et al. 1983). Following this, large
granules only grow in size but more and more B-granules are synthesised. The
regulation of the two granule populations in wheat and barley is unknown.

The amount of amylose and amylopectin in starch granules varies depending on
the plant origin. Normal starch is composed of 25% amylose and 75%
amylopectin. The amylose polymer is a long and linear molecule with very few
branches (less than 1%) (Ball et al. 1996) and its molecular weight is
approximately 500,000 g/mol. Glucose units are linked with a-1, 4 bonds in the
amylose molecule. Buléon et al. (1998a) estimated that the number of amylose
molecules in one starch granule (diameter 20 um, density 1.5 g/cm®) was 1.8 x
10°. In the starch granule, amylose exists in a helical form, the interior of which
is hydrophobic (Thomas and Atwell 1999). Most studies have demonstrated a
higher amylose content in large barley granules (MacGregor and Morgan 1984,
Gudmunsson and Eliasson 1989, Palmer 1989, Morrison et al. 1993), whereas in
some others the amylose content was not dependent on the granule size (Evers et
al. 1974, Kano 1977, Kang et al. 1985). Walker and Merritt (1969) developed an
amylose variety in barley with 40% amylose. Granules in this mutant were
smaller than in both its parents and the shape was uniform. Whistler and Kramer
developed high-amylose corn in 1946, and they were able to increase the
amylose content from 25 to 65%. Later, the amount was increased up to 85%
(Whistler 1984). A plant cultivar with 100% pure amylose does not exist. A
novel high-amylose potato with 60-89% amylose was developed using gene
modification, by the simultaneous inhibition of starch branching enzymes SBE
A and B. In this potato variety, an approximately 5-fold increase in phosphorus
levels was observed (Schwall et al. 2000).

Amylopectin has a very branched molecular structure. Its molecular weight can
reach from 107 to 10° g/mol depending on the plant. Amylopectin chains are
short A- and B-chains with a DP of 14-18, mid long B-chains with a DP of 45—
55, and long B-chains with a DP of above 60 (Buléon et al. 1998a). Starch
varieties with almost 100% amylopectin have been known for a long time. The
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first was found in China among the corn varieties and it was brought to the USA
in the first years of the 20th Century. Then the lowa State geneticists developed
waxy corn (Whistler 1984). Since then, waxy barley, rice, wheat and potato have
been developed. By studying the shrunken barley mutant Bomi shx, with only
31% of the normal dry weigh of starch (the activity of SSS is reduced), it was
observed that the structures of amylose and amylopectin were similar to that of
normal Bomi (Schulman et al. 1995). It was concluded that the structure of
amylopectin depends on the distinct roles of the SSS and SBE forms present.
The location of amylose and amylopectin molecules in starch granules is still
unknown.

Morrison et al. (1986) claimed that in native non-waxy barley, starch amylose
occurs as two amorphous fractions, lipid complexed amylose (LAM) and free
amylose (FAM), which are not homogenously distributed. Jane and Shen (1993)
postulated that amylose was more concentrated at the periphery of the potato
starch granule. Morrison (1995) reported that in the cereal starches the number
of amylose—lipid complexes is higher on the granule surface (Morrison 1995).
The lysophospholipid content of low-amylose starches was approximately 0.1—
0.5% and for non-waxy starches approximately 0.8—1%. Vasanthan and Bhatty
(1996) showed that there were more lipids and true (total) amylose in the small
barley starch granules, but a lower content of free (apparent) amylose than in
large granules. The results indicate that there are more internal lipids and
amylose—lipid complexes in small granules. Tester et al. (1991) observed that the
lipid contents of barley starches were much higher at a higher growth
temperature.

1.1.2 Crystalline structure

Starch granules are partially crystalline particles (French 1984, Buléon et al.
1998b). According to Zobel (1988b), the native starch granule structure has
crystallinity levels from 15 to 45%, depending on the starch origin. Starch
granules in their native form have a complex structure, with parts that are very
densely packed and others that are loosely packed. It was shown that the
crystalline parts in a starch granule are formed by short outer chains (DP 15-18)
of amylopectin molecules (French 1984). The densely packed areas are
measurable by X-ray techniques. By this method, different types of crystal
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structures can be analysed and the amount of crystalline and amorphous material
measured. In starch granules, the crystal types are called A and B and their
mixture C, which are formed in cereals, potato and legumes, respectively
(Colonna et al. 1982, Zobel 1988a, Buléon et al. 1998a).

Water content is also essential when investigating the crystallinity of starches.
Dry starch has a completely amorphous X-ray pattern, and the crystallisation of
B-type starches has been shown to vary with varying water contents (Cleven et
al. 1978, Buléon et al. 1982, Buléon et al. 1998a). The B-type is converted to A-
type by means of heat-moisture treatment at 100-120°C (Sair 1967, Kulp and
Lorenz 1981).

Imberty et al. (1988) proposed a crystal model of the A-type starch. Left-handed
double helices are packed in monoclinic units, with eight water molecules. The
crystal unit cell is 2,124 nm wide, 1,172 nm thick and 1,069 nm high. In the B-
type crystal model, the double helix is packed in a hexagonal unit, with 36 water
molecules (Imberty and Perez 1988). The width and thickness of the B-crystal
unit cell is 1.85 nm and the height is 1.04 nm (Buléon et al. 1998a). There is an
amorphous area between the crystal clusters, which is mainly composed of the
branched points of the amylopectin chains (Morrison 1995). Single helices,
called V-type crystals, are formed by treating amylose with iodine, alcohols, or
fatty acids (Sarko and Zugenmaier 1980). Bear (1942) demonstrated that A- and
B-type double helices cannot bind iodine. Amylose in mature starch granules is
suggested to be in an amorphous form, because of its higher degradation rate by
alpha-amylase in maize starch (Zobel 1988b). The main reason why a plant
creates different crystal structures is unknown.

1.2 Starch properties
1.2.1 Starch gelatinisation and retrogradation
The partially crystalline granule structure of starch is stable in water at room
temperature. Below 50°C, only minor swelling of the amorphous parts occurs,
and this process is reversible. Above 50°C, the amorphous parts absorb more

water and the granule structure begins to change. This process is irreversible and
the original structure is disrupted. With further heating of the granule, swelling
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continues, while at the same time the amorphous linear amylose diffuses from
the granule to the surrounding water phase. This temperature is called
gelatinisation or pasting temperature. By increasing the temperature, starch
polymers, mainly amylose, are further dissolved. Finally, the granules lose their
crystalline structure, and will be fragmented at 100-150°C (van den Berg 1981,
Blanshard 1987). Different starches have their own special gelatinisation
temperatures, oat has the lowest (60°C), and high-amylose maize varieties have
the highest (86°C) (Lineback 1984, Zobel 1988b). The main structural difference
that influences the measured gelatinisation temperatures has been widely
studied, but to date there is no exact answer.

Growth temperature and conditions have been reported to affect the amount,
chemical composition, granule size and physical properties of starch in different
cereal crops (Asaoka et al. 1984, 1985 a and b, 1986, 1991, MacLeod and Duffus
1988 a and b, Shi et al. 1994, Tester et al. 1991, 1995). It was found that rice plants
grown at 30°C had higher onset (T,) and conclusion (T.) temperatures, and a
greater heat of gelatinisation (AH) than those grown at 25°C, as analysed by
differential scanning calorimetry (DSC) (Asaoka et al. 1984, 1985b, MacLeod
and Duffus 1988a and b, Tester et al. 1991). It was assumed that higher
gelatinisation temperatures were due to greater perfection of starch crystals (Tester
etal. 1991).

The gelatinisation enthalpy of small B-granules in barley was 15-20% lower
than that of large granules, but the gelatinisation temperature range (T.—T,) was
higher for small granules. Furthermore, the gelatinisation temperature of small
granules has been shown to be higher than that of large granules, as estimated
from the loss of birefringence (Evers et al. 1974, MacGregor 1980).

A gel is formed upon cooling of hot starch dispersion. B-type crystallinity is
usually observed when storing starch gels at ambient temperatures (Blanshard
1987, Colonna et al. 1987). In amylograph studies, it is possible to see how the
gelatinised starch makes gel while cooling (Zobel 1984). This gelling property
of starch is widely exploited in many food applications, including puddings,
jellies, confectionery, sausages and drinks. The native starch gels are unstable
because of recrystallisation (retrogradation) of the amylopectin molecule. During
long-term storage, the gel forms a rigid structure that is not favourable for food
products. A good example of the retrogradation process is the ageing of bread
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(Russell 1983), which has been studied by following the retrogradation kinetics
of gelatinised wheat starch gels (Roulet et al. 1987).

1.2.2 Glass transition temperature

The glass transition temperature (Tg) is the most important parameter in
determining the mechanical properties of amorphous polymers and in controlling
the kinetics of the crystallisation of amorphous materials (Biliaderis et al. 1986,
Levine and Slade 1986, Orford et al. 1989, Roos 1995, Schenz 1995). For dry
amylose and amylopectin, the Tg has been estimated to be at 227°C, and the
presence of 13% water has been observed to decrease the Tg to 56°C (Orford et
al. 1989). The Tg of gelatinised wheat starch containing 22% water was detected
to be at room temperature (Zeleznak and Hoseney 1987). Many studies have
demonstrated the plasticisation effect of water on starches, and the various
techniques for analysing the glass transition have been compared. When
examining different techniques, the most frequently used DSC was observed to
give 10-30°C higher Tgs than pulsed NMR (Kalichevsky et al. 1992).

The effect of water on the Tg of amylose and amylopectin was recently analysed
using DSC (Bizot et al. 1997). The much-branched amylopectin had a somewhat
lower Tg than the amylose polymer. Studies of the effect of glycerol and other
plasticisers on the Tg of potato starch showed that the plasticisation of starch
follows Couchman's model (Lourdin et al. 1997). When amylose and maltose
were plasticised by glycerol, phase separation above 25% glycerol was found,
based on dielectric thermal (DETA) analysis (Lourdin et al. 1998). In a
combination of water and glycerol as plasticisers of barley starch, two
calorimetric glass transition temperatures were measured. The two transitions
observed were an indication of phase separation (Forssell et al. 1997). The
dynamic mechanical, the dielectric thermal and the calorimetric behaviour of a
binary amylose—glycerol system, assessed by DMTA, DETA and DSC,
respectively, indicated that the system was composed of amylose-rich and
glycerol-rich phases (Moates et al. 2001).
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1.2.3 Enzymatic hydrolysis

Starch-degrading enzymes were classified by Banks and Greenwood (1975) as
exo-acting, endo-acting, or de-branching. The main products from the o-
amylolysis of amylose using alpha-amylase are glucose and maltose. a-
Amylases are endo-acting. Exo-acting enzymes, such as f-amylase, remove low-
molecular-weight products from the non-reducing chain-end (Schwar 1958,
Whistler et al. 1984). Starch hydrolysis enzymes, such as amylases, are digestive
enzymes that also process enzymes when starch is industrially modified into
syrups, and in malting or fermentation processes (Oates 1997). The hydrolysis
mechanisms are not well understood. It has been shown that raw starch granules
hydrolyse slower than pregelatinised starch (Lauro et al. 1993, 2000, Lauro
2001). It has also been postulated that easily accessible parts for the a-amylase
in the starch granules varied depending on the structure/organisation of the
starch source rather than the type of crystallinity (Bertoft and Manelius 1992,
Bertoft et al. 1993, Manelius 2000). According to Leach et al. (1959),
MacGregor (1980), and MacGregor and Morgan (1984), small ungelatinised
barley starch granules were hydrolysed faster than the large granules by malt
alpha-amylases at 18-35°C. A similar result was also shown by Bertoft and
Kulp (1986). After hydrolysis by a-amylase, large granules from normal barley
contained many pinholes on the surface and it was postulated that hydrolysis
occurred from the inside out (MacGregor 1980). No characteristic pinholes were
observed in degraded small starch granules, which were hydrolysed by surface
erosion. A similar observation was made by Bertoft and Henriknis (1982).

During the malting process, Bathgate and Palmer (1973) studied the attack of
malt alpha-amylase on barley starch granules at 65°C. They noticed that the
small granules from barley were most resistant to malt alpha-amylase, even after
complete gelatinisation. Small granules, which had a higher gelatinisation
temperature than large granules, required a longer time to gelatinise at 65°C, and
would therefore be degraded more slowly.

The beta-amylolysis limit value of small granules has been shown to be slightly
higher (43—-65%) than that of large granules (39-54%) (Evers et al. 1974). The
amylopectin molecules of small and large starch granules are reported to have
similar structures (MacGregor and Ballance 1980). Large granules were shown
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to contain a greater amount of long amylopectin B chains (Morrison and
Laignelet 1983, Gudmunsson and Eliasson 1989).

1.3 Starch functionality

Native and modified starches are widely used materials in the food and non-food
industries (Osman 1967, Petersen 1975, Anon 1976, Moore et al. 1984, Whistler
et al. 1984, Schoch 1985, Rapaille 1986, Roper 1996). The possibility of
producing special new "designed" starch varieties with novel properties has also
been discussed (Visser and Jacobsen 1993, Ring 1995). Industry uses mostly
modified starches, such as pregelatinised, extruded, acid-converted and cross-
linked starches or starch derivatives with various substituent groups (Wurzburg
1986). Amylose-rich starch varieties have been little used (Senti 1967), but there
is an interest in developing slowly digesting starches (Thompson 2000), and in
exploiting the film formation ability of starches.

1.3.1 Resistant starch

Starch is an everyday dietary component in human and animal nutrition (Ring et
al. 1988). It also plays an important role in colonic physiology and functions,
and provides potential protective effects against colorectal cancer (Cassidy et al.
1994, Silvi et al. 1999). Resistant starch is not digested by pancreatic amylase in
the small intestine and thus reaches the colon (Thompson 2000). Three types of
resistant starches have been classified by Englyst et al. (1992): RS1 is a starch
entrapped within a food matrix, RS2 is granular starch, and RS3 is retrograded
starch formed in food processing. Chemically modified starch was characterised
as type RS4 (Thompson 2000). Resistant starch can be fermented by human gut
microflora, thus providing a source of energy for bacteria. In a study where rats
were fed with native potato starch (RS2), an increase in the intestinal population
of bifidobacteria, lactobacilli, streptococci and enterobacteria was demonstrated.
In the fermentation of resistant carbohydrates by anaerobic bacteria, acetic,
propionic and butyric acids were produced, and the pH decreased in the lumen
(Macfarlane and Cummings 1991, Kleessen et al. 1997, Le Blay et al. 1999).
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1.3.2 Starch films

The film-forming properties of starch have been widely studied (Wolff et al.
1951, Rankin et al. 1958, Langlois and Wagoner 1967, van Soest et al. 1996a
and b, van Soest and Essers 1997, Della Valle et al. 1998, Hulleman et al. 1998,
Forssell et al. 1999). Thermoplastic starch (TPS) is prepared by extrusion in the
presence of glycerol. Different mechanical properties can be obtained depending
on the glycerol content and botanical origin of starch (van Soest and Essers
1997, Della Valle et al. 1998, Hulleman et al. 1998). High-amylose starch has
been shown to form stronger and stiffer thermoplastic films than high
amylopectin starch. The hydrophilic nature of the TPS makes it sensitive to
environmental humidity (Rankin et al. 1958), and the presence of a high level of
glycerol strengthens this behaviour. During storage, TPS made of potato starch
has a tendency to change its structures, becoming more brittle (van Soest et al.
1996a). The changes observed in TPS were similar to retrogradation of normal
starch gels, indicating that this process may be linked to the crystallisation of
amylopectin (Forssell et al. 1999). In one commercial product, the water
resistivity is improved by adding synthetic polycaprolactone (PCL/starch,
MaterBi™ Novamont, Italy) (Vikman et al. 1999). These materials can be used
in the production of applications such as the waste bag (Bioska™™, Ylojarvi,
Finland), which can be composted. Pure corn-based TPSs have some
applications as a filler in packages and golf tees.

The film-forming properties of amylose and amylopectin were studied by Wolff
et al. (1951) and Langlois and Wagoner (1967). Amylose was observed to be an
excellent film former, and was claimed to have similar properties to cellulose
films. Amylose and amylopectin films have been shown to have very good
oxygen barrier properties at humidities below 81% (Forssell et al. 2002).
Shamekh et al. (2002) found that after removing sugars from potato starch
hydrolysates (DE 10, 15 and 20), good quality films were formed. Studies on
starch films prepared by water-casting and plasticised by glycerol have
attempted to elucidate in more detail the effects of starch structure on
plasticisation and properties (Lourdin et al. 1995, Rindlav et al. 1997, Rindlav-
Westling et al. 1998). The structures of the starch films were observed to be
entirely amorphous (Lourdin et al. 1995). Amylose films were crystalline and
the structure of amylopectin films depended on the preparation conditions
(Rindlav-Westling et al. 1998). Films dried at 50°C or above were almost
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amorphous. When the drying temperature was 20°C, the amount of B-type
crystallinity detected depended on the RH during drying, The highest humidity
produced the highest crystallinity (23%) (Rindlav-Westling et al. 1998). X-ray
diffraction was applied to investigate the effect of RH on the structures of
amylose and amylopectin films with and without glycerol at 23°C. B-type
crystallinity in the amylose film was approximately 34% and it did not depend
on either the conditions or the presence of glycerol. The amylopectin film
without glycerol was amorphous under all conditions, but when glycerol was the
plasticiser, B-type crystallinity gradually formed with increasing humidity
(Rindlav-Westling et al. 1998). Bader and Goritz (1994 a and b) observed that
the drying temperature during the film preparation affected the diffraction
pattern observed, and the B-type pattern was present at lower temperatures,
whereas the A-type pattern was detected above 80°C. It was concluded that
amylopectin was more sensitive than amylose to plasticisation caused by
glycerol. Amylose was also found to form mechanically stronger films. In a
study of enzyme susceptibility of amylose films and gels, their crystallinities
were analysed by X-ray diffraction (Cairns et al. 1995). Amylose was isolated
from pea starch, and films were prepared by drying amylose gels at 50°C.
Amylose films were more resistant to a-amylase than amylose gels, but only the
gels were characterised by X-ray diffraction. A typical B-type pattern was
observed. Hydrolysis of the gels resulted in a significant increase in the
crystallinity. B-type crystalline starches are usually believed to cause the
resistivity of the retrograded starches (RS3), such as amylose gels and fibres.

Starch is the cheapest biopolymer that can be used in various applications, such
as a protective barrier or carrier of sensitive compounds in food, pharmaceutical
and non-food products (Trubiano and Kasica 1986, Whistler 1989, Kobayashi et
al. 1993, Whistler 1997). In the special field of colon drug delivery,
polysaccharide-based dosage forms have been suggested to be very promising
(Vandamme et al. 2002). Amorphous amylose mixed with ethyl cellulose
(Ethocel®) is one example of exploiting amylose functionality for the delayed-
release of drugs (Ring et al. 1994, Newton 1996). The basic understanding of
starch granule structure, the functionality of amylose and amylopectin, and the
modifications caused by enzymes and physical treatments, are of crucial
importance when developing the novel applications. Vandamme et al. (2002)
concluded that the mechanisms of degradation of film coatings designed for
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specific drug delivery in the colon need more in-depth investigation in future
research.
1.4 Aims of the present study

* To understand the factors influencing the gelatinisation properties of barley
starch granules.

* To study the plasticisation mechanism of amylose and amylopectin by
glycerol, and the relationship between starch film structural and mechanical

behaviour.

*To develop a novel, microencapsulation method for probiotic bacteria by
means of the combined use of starch granules and films.
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2. Materials and methods

2.1 Starch materials

The 2-row malting barley varieties Kustaa and Kymppi were field-grown in
Hahkiala in 1987 and 1991 (Publication I) and Kustaa in 1989 (Publication II).
Summer 1987 in Finland was cold, and the sum of an effective growing
temperature was only 994 (base temperature 5°C) in the period from April 28th to
October 19th. The summer in 1987 was also 1.5-2 times more rainy than average
(Aikasalo 1989). In 1991, the sum of the effective growth temperature was 1173
(April 30th—October 31st ).

Isolated amylose from potato starch (Sigma A 0512, Type 111, 4.7% of residual
butanol), and granular waxy maize starch (National Starch, USA) were used for
the cast film preparation (Publications III and IV).

Native potato starch granules for bioencapsulation of probiotic bacteria were
from Jérviseuden Peruna, Vimpeli, Finland. The high amylose maize starch was
Hylon™ VII, from National Starch, USA (Publication V).

2.2 Separation of starch

Starch was isolated from the grains using the method of McDonald and Stark
(1988), with minor modifications. To increase yield, the isolation procedure was
modified so that the bran fraction was also treated with protease enzyme (Fig. 2) to
release more small granules from the outer seed layer. Barley grains (620 g) were
first husked with a special blocking machine, then milled and suspended in 0.02
M HCI to denature the enzymes in the seeds. The separated fibre fraction and the
brown protein/starch layer were treated separately with protease (Sigma XIV no.
5147, from Sreptomyces griseus). At the end of the separation, all starch
fractions were combined and treated twice in a 0.2 M NaCl solution (7 vol) with
added toluene (1 vol), washed twice with water and twice with acetone and
finally air-dried (Fig. 2). The powder was very smooth and white in colour, which
indicated that only a very small amount of impurities were left. This was also
observed when the total starch content was measured.
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Small and large granules from the barley starch were separated by the
sedimentation method of Decker and Holler (1962). The sedimentation was
repeated 15 times. Finally, the small granule fraction was further purified by
sedimenting it twice overnight (16 h) at 5°C. Both fractions were washed twice
with acetone and dried in air. The large (>50 um) granules were separated from
potato starch in cold water by sieving through a sieving cloth. The granules over
the cloth were then frozen and freeze-dried. The separation of small and large
starch granules from barley starch was very time consuming, but both fractions
obtained were pure. The cut-off point between small B-granules and large A-
granules was 10 um, based on Coulter counter analysis.

2.3 Preparation of starch films

In order to dissolve amylose and granular amylopectin (waxy maize starch), a
starch-water dispersion (1% or 2%w/w) was heated to 140°C in a pressure heater
equipped with a stirrer (VIT Automation, Protolab, Espoo) and kept constant for
30 min. The system was then cooled to 100°C and the vessel was opened.
Glycerol (10 or 30%, dry weight basis) was added with a syringe and mixed for
5 min. The hot solution (35 ml) was poured into pre-warmed (70°C) Teflon
moulds (10 x 10 cm). Films were dried in a climate-testchamber (Weiss
Technik, Reiskirchen, Germany) at 70°C for 3—4 h. For the mechanical tests, the
film was dried in an 11 x 3 cm mould (10 ml of starch solution).

2.4 Analytical methods
2.4.1 Chemical composition

Starch content was determined enzymatically using the method of Karkalas
(1985), with some modifications. Apparent and total amylose content were
determined colorimetrically (Morrison and Laignelet 1983). The phospholipid
content was determined by measuring the phosphorus content using the method
of Morrison (1964), and using a conversion factor of 16.5 (Tester and Morrison,
1990a). Protein content was determined as Dumas-protein using a Carlo Erba
Nitrogen analyser 1500 (Milan, Italy).
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2.4.2 Granule size distribution

The granule size distribution was measured using a Coulter Counter Multisizer
analyser. Starch samples were first suspended in a 2% NaCl solution and
pretreated with ultrasonification (30 s). Number-average diameters and the weight
average granule diameters for starches (about 500,000 granules/measurement) were
calculated using the formula described by Schoch and Maywald (1956).

2.4.3 Water sorption

Amylose and amylopectin film samples were cryomilled prior to the water
sorption test. Film samples were frozen using liquid N, and milled using a
Fritsch pulverisette mill (Germany) equipped with a sieve (100-um mesh
opening). Two hundred milligrams of powder (duplicate samples) were weighed
into ceramic dishes (which were dried over the P,Os in a desiccator). The RHs
were adjusted in glass chambers by saturated salt solutions: 11 (LiCl), 33
(MgCl,), 54 (Mg(NOs),), 81 ((NH4),SO,4) and 91% (KNOs). The samples were
kept in RH chambers at 20°C for 7 days. The water content was calculated based
on the weight change and on the initial water content of the powder, which was
measured using a Karl Fisher Titrator (Mettler DL18).

2.4.4 Microscopy

The microstructure of starch dispersions was studied by light microscopy using
the smear technique and iodine staining (Autio 1990, Autio et al. 1992). Starch
suspensions (8%) were heated to the appropriate temperature (90 and 95°C) and
incubated 5 min prior to preparation of the samples. The starch dispersion was
smeared onto an object glass and stained by iodine (0.33% iodine and 0.67%
potassium iodide). The samples were then immediately examined using an
Olympus BH-2 microscope.

In order to study the microstructure of the native and hydrolysed starch granules
and starch microcapsules, starch powder was fixed in 5% glutaraldehyde in 0.1
M phosphate buffer (pH 7.0), dehydrated with ethanol, and embedded in
Historesin (Jung, Germany), following the method of Parkkonen et al. (1994).
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Cross-sections (2—4 pm thick) were cut with a rotary microtome (Leica Jung RM
2055, Germany) and stained with iodine solution or by DAPI (4,6 diamidino-2-
phenylindole, Sigma Chemicals, USA).

The native and hydrolysed potato starch granules were examined by ESEM
(Environmental Scanning Electron Microscopy, Electro Scan, Kebo Lab.) in
collaboration with The Finnish Pulp and Paper Research Institute (Espoo,
Finland). The dry starch powder was put on a holder, which had a black surface.
The surface was taped with Scotch tape and a thin layer of sample powder was
added. The sample was put inside the ESEM and immediately examined at room
temperature, at varying magnifications, ranging from 500 to 3800x. The pictures
were saved on computer.

2.45 Swelling power and solubility

The swelling power (hydration capacity) and solubility of the barley starches at
different temperatures were determined using the procedure of Leach et al.
(1959), with some modifications. The starch sample (100 mg+ 0.1 mg) was
weighed (triplicate samples) into small screw-capped test tubes; 5 ml distilled
water were added and tubes were incubated at varying temperatures, ranging
from 78 to 100°C for 30 min, with occasional manual stirring. Cooled tubes
were centrifuged for 15 min and the phases were separated immediately after the
centrifugation. The solubilised starch was determined as total carbohydrates
using the method of Dubois et al. (1956), with glucose as the standard. The
swelling power was calculated based on the amount of water absorbed and
corrected for the amount of carbohydrate solubilised during the gelatinisation
process in excess water (Zobel 1984). The soluble fractions were freeze-dried and
the amylose content was measured using the method of Morrison and Laignelet
(1983).

2.4.6 Enzymatic and acid hydrolysis, water dispersibility
The effect of preheating on the hydrolysis level of barley starch was studied by

heating a 7.5% starch—water dispersion in a water bath for 3 h at 50 and 55°C
(triplicate samples). The starch was separated by centrifugation (15,000 rpm/10
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min). Enzymatic hydrolysis of the preheated starch granules was performed at
30°C, as described by Lauro et al. (1993) using Bacillus licheniformis a-amylase
(Sigma type XII A, A-3403), and the enzyme was inhibited by adjusting to pH 2
for 30 min. The total carbohydrates of hydrolysis supernatants were assayed
using the phenol-sulphuric acid method, with glucose as a standard (Dubois et
al. 1956).

The accessibility of amylose and amylopectin film to o-amylase and
hydrochloric acid, as well as water dispersibility, were analysed for the fresh
films which were conditioned at RH 50% (at 20°C) for 7 days (duplicate
samples). Film samples were powdered by grinding the frozen films with liquid
N, using a Fritsch pulverisette mill (Germany) equipped with a sieve (100 um
mesh opening), and drying the powders over P,Os in a desiccator. For enzymatic
treatment, dry samples (containing 450 mg of starch) were weighed in tared
centrifuge tubes and suspended in 10.8 ml distilled water. Following this, 1.2 ml
of pancreatic a-amylase (8000 U/g starch, SIGMA P-1750) dissolved in 150-
mM NaHCO; buffer (pH 9.7) were added. The samples were then incubated for
3 h at 37°C, with magnetic stirring. After hydrolysis, the suspension was
centrifuged for 10 min (10800 % g). The total carbohydrate content of the
solution was determined using the phenol—sulphuric acid method (Dubois et al.
1956). The extent of hydrolysis was calculated as the quantity of glucose (x0.9)
divided by the amount of starch in the original sample. Gravimetric analysis was
performed for the insoluble residue. The residue was washed with distilled
water, re-centrifuged and dried over P,Os; in a desiccator. The amount of
insoluble carbohydrates was calculated as the quantity of residue divided by the
amount of starch in the original sample. As confirmed earlier, glycerol was
dissolved during hydrolysis.

An analysis of acid hydrolysis was performed using hydrochloric acid at 35°C
for 7 days (Leloup et al. 1991, Leloup et al. 1992). Film powders (duplicate
samples) were suspended in 2.2 M HCI (100 mg in 20 ml HCI). The extent of
hydrolysis was expressed as the soluble carbohydrates divided by the quantity of
starch in the original sample. Water dispersibility was monitored in distilled
water at 37°C for 3 h. The samples were treated in the same way as the samples
in the enzymatic hydrolysis, except that only the total carbohydrates in the liquid
fraction were analysed.
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2.5 Thermal properties
2.5.1 Gelatinisation temperature and retrogradation rate

The DSC measurements were performed with a Mettler DSC-30S instrument
equipped with a Mettler TC 11 analysis data station connected to a computer.
The gelatinisation and retrogradation of barley starches were studied in starch
dispersions with 50% or 70% (w/w) water. The samples were prepared by
weighing 3-5 mg of starch in DSC standard aluminium sample pans (ME-
26763, Al crucibles 40 ul), 15 pl of distilled water were added by pipette and the
contents were mixed well with a needle. Pans were hermetically sealed after a
50% moisture level was reached through the evaporation of excess water from
the mixture at room temperature. The samples were heated from 10 to 100°C
(heating rate 10°C/min). A pan with ALO; was used as a reference. The
gelatinisation temperature was taken from the maxima of the endotherm peaks.
Transition enthalpies (AH, J/g) were calculated from the area of the endotherm
curve. The extent of recrystallisation was studied by reheating the pans after 1,
2,4,7, 11 and 15 days of storage at +4°C. The dissociation of the amylose—lipid
complex in starch was studied at 70% moisture, using medium pressure pans
(Mettler, ME-26929, with centring pins, 120 ul), with water as a reference. The
samples were heated from 10 to 130°C, at a rate of 10°C/min. The dissociation
temperature was taken from the maxima of the endotherm peak. Transition
enthalpies (AH, J/g) were calculated from the area of the endotherm curve. Each
sample was run in triplicate; and standard deviations were +0.2°C for T
gelatinisation and for the dissociation of the amylose—lipid complex. The
standard deviation for the gelatinisation and dissociation enthalpy (AH) was
+0.5 J/g.

2.5.2 The glass transition temperature

Glass transition temperatures of the amylose and amylopectin films with and
without glycerol were measured using a Mettler Toledo DSC820 (TA 8000
system, Switzerland) with an automatic opening and closing sample chamber
and robot for 34 crucibles. The system was connected to a computer. Sealed
pressure pans (Mettler, ME-26929, with centring pins, 120 pl) were used, with
empty pans as the reference. The scanning rate was 10°C/min, and the scan was
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performed from 20 to 170°C, followed by rapid cooling to —150°C using liquid
N,. It was then heated to 170°C at a rate of 10°C/min. The glass transition
temperature was taken as the midpoint of the change in the heat capacity
observed in the second heating scan. The changes in heat capacities (Acp) were
evaluated using the Mettler system. Each sample was run in duplicate.

2.6 Tensile properties

The mechanical properties of amylose and amylopectin film samples (20 x 80
mm, cut from the film sample made in a Teflon mould, 3 x 11 cm) were
measured using a Texture Analyzer TX. (TA, XT.2, England) following
standard methods (ISO 1184-1983). The experiments were performed under
controlled conditions at 20°C and RH 50%, where the film samples were stored
for 7 days in open polyethylene bags. The thicknesses of the films were
measured with a microtome (Mitoyo, Japan) prior to testing. Five measurements
of each test sample were taken, and the variations were +0.4—7 MPa and +0.3—
6% for stress and strain, respectively.

2.7 X-ray analysis
2.7.1 Sample preparation for X-ray diffraction

The structures of the amylose and amylopectin films were investigated using X-
ray. For X-ray analysis, the amylose and amylopectin films with glycerol content
of 0, 10 or 30% of the total dry weight, were prepared at VIT Biotechnology,
Finland and then sent by DHL-express to INRA, Nantes, France. The films (10 x
10 cm) were packed into polyethylene bags and soft filler was placed around the
bags in order to protect them during the journey. Films were X-rayed in film
form, and not as powder. It was found that at least 16 film pieces (25 um thick)
were required in order to obtain enough "crystalline" material for the X-ray test.
The film samples (10 X 10 cm) were initially cut into five strips (2 cm width).
Each strip was then cut into four pieces and 16 of these pieces were packed into
an Al-foil envelope (2 X 2 cm). A thin layer of vacuum paste was added to the
other side of the envelope. A sample piece (5 mm in diameter) was cut with a
paper punch (from the side where the vacuum paste was added). The foil piece
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was removed and the sample was then put inside the X-ray copper ring (with 6-
mm diameter hole). The copper ring and sample were then covered with Al-foil
with a 4-mm diameter hole. The prepared samples were kept at RH 0% (vacuum
desiccator with P,Os), 54% (MgNOs), and 91% (KNO;) at room temperature, for
7 days, 1 month and 2 months.

2.7.2 X-ray diffraction

X-ray diffractions were recorded by means of a transmission technique using an
XRG 3000 X-ray generator (Inel, Orleans, France) operating at 40 kV and
30 mA. CuKa, radiation (A =0.15405nm) was selected using a quartz
monochromator. A curved position sensitive detector (Inel CPS120) was used to
monitor the diffracted intensities using 2-h exposure periods. The recorded
diffraction curves were normalised at the same total scattering between 3 and
30° (20). Crystallisation was determined using a technique derived from the
methods of Wakelin et al. (1959) with recrystallised amylose (B-type crystals)
and extruded potato starch as amorphous standards.
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3. Results and discussion

3.1 Properties of barley starch (Publications | & II)

A starch isolation procedure (Fig. 2) from barley seeds and various analytical
methods were developed. The purity of starch was the most important criterion (at
least 95%), in addition to the yield (90% of the total starch in the seeds). It was
noted that the most difficult step of the isolation procedure was the removal of
impurities, mostly proteins, which is in agreement with the findings of Richter et al.
(1968) and of McDonald and Stark (1988).

BARLEY KERNELS, 5-10 g

Dehulling
DEHULLED KERNELS
Steeping in 0.02 M HCI overnight Grinding
at 5°C, neutralisation FLOUR
+ Homogenisation with Bamix mixer

STEEPED FLOUR

Extraction with water / \ Filtration through filter

CRUDE STARCH SUSPENSION FIBRE
. . Protease treatment
Centrifugation
K \ Extraction with water
PROTEIN
STARCH CONTAINING STARCHK\A FIBRE Filtration
Protease treatment STARCH
overnight (pH 7.6) at FRACTION
room temp.
Centrifugation

> STARCH
Toluene treatments, washing with
water and acetone, drying

PURIFIED STARCH
Fig. 2. The starch isolation procedure developed after McDonald and Stark
(1988).

The growth conditions of barley influenced the properties of starch. The starch
from a very cold summer (1987) was clearly different from that of a more normal
summer (1991). The gelatinisation temperature of the 1987 cold-summer starch
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was 4°C lower and the recrystallisation level was lower than for starches from
1991. When examining the effect of heating in the presence of excess water, it was
noticed that at 50°C, Kustaa 1987 and 1991 and Kymppi 1991 starch samples were
only partially gelatinised but Kymppi-starch 1987 was completely gelatinised. At
55°C, all of the starches were wholly gelatinised. Furthermore, the cold summer
starches were more easily hydrolysed by oa-amylase (Fig.3). All of these
differences might be explained by a less ordered structure due to the cold weather.
Starches from 1987 were more sensitive to water (swelling and solubility) than
1991 starches, which may have been caused by a lower quantity of lipids present in
the 1987 starches. Lipids have been shown to inhibit swelling (Morrison et al.
1993, Tester and Morrison 1990a, b, 1992, Tester et al. 1991).

50

45
40 -

35 4

m500C m550C ||

30 4

25 4

20 4

154

Solubilized carbohydrates (% dw.)

10 4

Kustaa -87 Kustaa -91 Kymppi -87 Kymppi -91

Fig. 3. a-amylase (Bacillus Licheniformis, Sgma type Xl A) hydrolysis of
Kustaa and Kymppi barley (grown in the summers of 1987 and 1991) starches
after 3 h of treatment at 50 and 55 <C.

Normal or superoptimal growth temperatures have previously been associated with
higher starch lipid contents, higher gelatinisation temperatures, and a higher extent
of retrogradation of barley, wheat and rice starches (Asaoka et al. 1984, 1985 a, b,
1986, 1991, MacLeod and Duffus 1988 a, b, Shi et al. 1994, Tester et al. 1991,
1995). High growth temperatures are also known to reduce soluble starch synthase
activity, and consequently to reduce starch granule size and number. Granule size
and number were not affected under the suboptimal conditions investigated herein.
Because there are no reports on the potential effects of low growth temperatures on
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the soluble starch synthase, it is not possible to speculate on the effect of
biosynthesis on starch structure under low growth temperatures.

When the properties of Kustaa barley starch were examined in more detail, the
small and large granules were separated from three different Kustaa-barley
samples grown in 1987, 1989 and 1991. In Kustaa, the average sizes of the two
populations were approximately 4 um and 18 um. It was observed that the
growth conditions affected gelatinisation temperature in a similar manner in both
granule populations. B- and A-granules grown during a normal summer had
higher gelatinisation temperatures than their cold-summer counterparts.

It was found that the lipid content (1.30%) of B-granules was higher than that of
A-granules (1.30 and 0.90%, respectively). The endotherm describing the
dissociation of the amylose/lipid complex was larger for B-granules than for A-
granules. Below 90°C, amylose leached out from the A-granules while
amylopectin solubilised from the B-granules. The higher content of the
amylose—lipid complex possibly inhibited swelling and increased the
gelatinisation temperature of the small granules (Tester and Morrison 1990a,
1992). At 95°C, small granules solubilised completely, but some of the large
granules remained as particles, indicating a more stable structure.

3.2 Amylose and amylopectin films (Publications Il & V)

Rankin et al. (1958) reported that amylose formed very good self-supporting
films, but because of its polar nature, the amylose film had high water
permeability. The effects of water and glycerol on the properties of amylose and
amylopectin films were reported in publications III and IV. Based on water
sorption isotherms, the equilibrium water content at low humidities for both
amylopectin and amylose was lower in the presence of glycerol than without,
and the effect increased with increasing glycerol content (Fig. 4). The
phenomenon can be explained by a replacement of the very strongly
immobilised structural water with glycerol (van der Berg 1981, Gaudin et al.
1999). At 50% RH, the moisture contents of all films were approximately 10%,
while at above 50% RHs, the highest glycerol content showed the highest water
content. Furthermore, at higher RHs the equilibrium water contents of the
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glycerol plasticised powders were higher than those without glycerol, which was
most likely caused by the reorganisation of the phases.
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Fig. 4. Moisture contents of amylose (AM) and amylopectin (AP) films with and
without glycerol (0-30%) conditioned at different humidities at 20 <C for 7 days.

The calorimetric Tgs observed were similar for amylose and amylopectin (Fig.
5). In the absence of glycerol, both amylose and amylopectin showed only one
glass transition above 0°C. The glass transition occurred at room temperature
when the water content was 21%. It was noted that Tg was not only affected by
water but that glycerol also had a plastisicing effect; however, water was more
effective. At a level of 21% glycerol (no water), the glass transition was at 93°C.
It was estimated that a level of 35% glycerol would be needed to reduce the Tg
to room temperature.
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Fig. 5. The glass transition temperatures of amylose (AM) and amylopectin (AP)
films with and without glycerol (0-30%) conditioned at different humidities at
20 <C for 7 days.

The effect of water on the mechanical properties was not studied. Tensile failure
behaviour was examined only under RH 50% (T = 20°C). This RH was chosen
because it is "ambient" and the amount of water was approximately 10% for all
films. A film was produced even from amylose mixed with 70% glycerol,
indicating the excellent film formation ability of the linear starch polymer.
Amylopectin films were brittle (Fig. 6) and difficult to handle; film with 10%
glycerol was particularly brittle. Above 30% glycerol, amylopectin showed
liquid-type behaviour (Fig. 6).
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Fig. 6. The strain/stress curves of amylose (AM) and amylopectin (AP) films
with and without glycerol (0-29%) at 20 C and 50% RH.

Solubility and crystallinity studies were performed in order to understand the
film structures. Amylose film had many good properties: it did not fragment in
water, 35% of it was resistant to a-amylase, and 50% of the amylose film was
resistant to acid. Conversely, amylopectin film fragmented in aqueous solution
and dissolved entirely and rapidly in the presence of a-amylase or acid (Fig. 7).
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Fig. 7. Therate of acid (2.2 M HCI) hydrolysis of fresh amylose and amylopectin
films without glycerol at 35<C.
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The films were stored at relative humidities of 11, 54 and 91% for 7 days, 1 to 2
months at room temperature, and the structure of the films was followed using
X-ray. Amylose films plasticised with water or plasticised with water and
glycerol were partially crystalline with B-type structures. The crystallinity of the
dry amylose films varied from 6 to 14%. Under ambient humidity the
crystallinity was about 20%, and in the presence of more water at RH 91% the
crystallinity reached a value of 32%. Upon ageing at 209C and at RHs of 0 to
91%, the crystallinities of the amylose films did not change. Similarly prepared
films of amylopectin were amorphous. The only change observed among
amylopectin films was the most plasticised film (30% glycerol and RH 91%),
which showed a predominant B-type crystallinity developing upon storage
during the first month of storage (Fig. 8). These results demonstrated that the
crystallinity of the amylose films was stable. On the other hand, highly
plasticised amylopectin films were unstable, and changed their amorphous
structures to B-type crystalline forms when aged for several weeks. Similar
crystallisation was observed previously for extruded barley and oat starch films
(Forssell et al. 1999). The behaviour of amylopectin films demonstrated that the
changes observed in the extruded starches were due to the crystallisation in
amylopectin in the rubbery state. The structures of the starch films were reported
to vary from amorphous (Lourdin et al. 1995) to crystalline, depending on the
preparation conditions (Rindlav et al. 1997, Rindlav-Westling et al. 1998).

Diffracted
Intensity

T s

5 10 15 20 25 30
Bragg angle (2 thetas)

Fig. 8. X-ray diffraction diagrams of amylopectin film with 30% glycerol after
storage at RH 91% and 20 <C: 1, 7 days; 2, 1 month; 3, 2 months.
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Fresh amylopectin films dissolved completely and rapidly in acidic solution.
Partially crystalline amylose film did not dissolve in acid (Fig. 7), even though
less than 50% was crystalline. Solubility demonstrated the different material
properties of amylose and amylopectin, as was observed in the tensile stress
results (Fig. 6). It is difficult to predict the functional behaviour of starchy
material based only on X-ray crystalline structures.

3.3 Microencapsulation (Publication V)

Probiotics are live microorganisms that are used as dietary supplements with the
aim of benefiting the health of consumers by positively influencing the intestinal
microbial balance (Fuller 1989). Lactobacillus or Bifidobacteria products such
as yoghurts, milks and juices are widely consumed in Europe and Japan because
of their health-promoting image. Living bacteria may be used not only in foods
but also in novel drugs for the therapeutic management of colon diseases
(Mattila-Sandholm et al. 1999, Collins 2000, Shanahan 2000, Steidler et al.
2000) or in the treatment of children’s atopic eczema by Lactobacillus
rhamnosus, LGG™ (Isolauri and Salminen 2000). The viability of probiotics in
various food systems is provided only for short storage periods and in most cases
under chilled temperatures. Brown et al. (1996) have patented a method in which
high amylose starch granules are used as carriers for Bifiobacteria, to transport
them to the large bowel. They also postulated that amylose-rich starch could
promote the growth of microorganisms in the large bowel. Crittenden et al.
(2001) found that Bifidobacteria, which have strong adhesive properties, were
also able to hydrolyse the native raw starch. It was concluded that the adhesion
appeared to be mediated by cell-surface protein(s).

The method developed in the present study is based on using partially
hydrolysed potato starch granules as bacteria carriers and resistant starch as a
coating material for the bacteria-carrier matrix. The main objective was to
develop a one-step batch fermentation process (Fig. 9). In the process, large
potato starch granules (50—100 um) were used as a carrier, which became porous
due to a-amylase (Fig. 10). After fermentation, the slurry was filtered. For
coating, high amylose maize starch was solubilised in hot water (at 170°C) in a
pressure heater equipped with a stirrer (VIT Automation, Protolab, Espoo),
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cooled and precipitated over the starch granules filled with bacteria.
Lactobacillus rhamnosus has been used in this study (VTTES800, human origin).
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Fig. 9. Sarch encapsulation method developed for probiotics.
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For the people of the Andes in Peru, in the early 1550s, living up to 12,000 ft
above sea level, only the potato could be grown. Keeping and cooking food were
difficult, because fuel was less abundant, and frost could ruin anything in
storage. Potatoes, which contain 80% water, were particularly susceptible, but
the highland people turned that to advantage. They let part of the harvest freeze
overnight and squeezed the water out to obtain a freeze-dried potato, which was
easily and quickly cooked (the first fast-food -product!), and they named the
product chufio (Zuckerman 2000). Eliasson et al. (1981) have shown that the
gelatinisation temperature of potato starch was decreased as a result of freeze
drying. Raw potato starch is very resistant to amylases (Thompson 2000).
Freeze-dried potato starch granules were hydrolysed up to 70% and native
granules only 25% by bacterial a-amylase at 37°C, which was the optimal
temperature for the growth of bacteria. The degree of hydrolysis, however,
depends on the origin of the amylase. It was observed that the enzyme attacked
the freeze-dried granules from the inside out, making the granules porous (Fig.
10). The granular size distribution was not affected by the hydrolysis.

Fig. 10. Potato starch granules (top left, 500, by ESEM), hydrolysed granules
with pores (top right, 2500%, by ESEM), amylase-coated potato starch granules
bottom left, 1000x) by ESEM and light microscopy (DAPI colour) cross-section
of bacteria-filled potato starch granule (bottom right, 1450x).
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The coating formation was demonstrated by applying amylose solution to the
waxy maize starch granules (Fig. 11). It was also observed, using light
microscopy, that partially hydrolysed potato starch granules were filled with
amylose solution (Fig. 12).

Fig. 11. Amylose-coated waxy maize starch granules (light microscopy and
microscopy cross-section, iodine colour, thickness 4 um, 725x).

L
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Fig. 12. Native raw potato starch granules (left), hydrolysed granules (middle)
and amylase-coated hydrolysed granules (microscopy cross-sections, iodine
colour, thickness 4 um, 290x).
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The stability of encapsulated bacteria stored at room temperature and humidity
was at least half a year. There are no reports in the literature concerning starch as
an encapsulation material for probiotic bacteria. The encapsulation technology
developed in the present study may be used not only for bacteria but also for
other bioactive compounds such as plant extracts or drugs, in order to stabilise
them against oxygen or light, or to mask the bitter taste. The most challenging
target is to achieve a controlled release system, as described by Pereswetoff-
Morath (1998), who described the nasal drug delivery system by using
microspheres made from starch.
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4. Conclusions

Both growth conditions and granule type influenced the functional properties of
starch. The barley starch granular structure was less ordered and more
susceptible to amylases when grown in cold and rainy conditions. Small
granules of barley starch differed from the large grains in chemical composition
and heat-induced functional properties. The lipid:amylose ratio was higher,
which increased the gelatinisation temperature and inhibited the amylose
diffusion during heating in the water. This was demonstrated by light
microscopy observations. The gel prepared from small granules had a slower
retrogradation rate than the gel prepared from the large granules, possibly
because of its higher lipid content.

Films prepared from amylose and amylopectin had different mechanical and
solubility properties, but their glass transition temperatures were similar.
Amylose produced much better films than amylopectin, especially in the
presence of high amounts of glycerol (30%). Based on calorimetric glass
transitions, both polymers were plasticised with water and glycerol, but water
was more effective. Starch-rich and glycerol-rich phases were formed in the
presence of glycerol. Fresh amylose film was not soluble or degradable in water,
50% of the material was very resistant against 2.2 M HCI, and 35% was not
dissolved by a-amylase. Fresh amylopectin film was completely and rapidly
dissolved in 2.2 M HCI. X-ray analysis revealed that fresh amylopectin films
were amorphous. The amylose films showed B-type crystallinity structures, but
the amount of crystallinity was not more than 32%. When comparing the
mechanical properties with glass transition temperatures it may be concluded
that the glass—rubber transition perhaps does not always describe the mechanical
behaviour of amorphous polymers. Furthermore, the more stable and flexible
character of the amylose film could not be explained based only on crystalline
structures. It may be concluded that, based on mechanical and solubility results,
the amylose film network structure differed considerably from that of
amylopectin.

Freeze-drying changed the enzymatic accessibility of potato starch granules, and
porous granules, for encapsulation of probiotic bacteria, could be produced using
partial o-amylolysis. A simple coating technique based on water-dissolved
amylose was applied, and a fine, starchy powder was produced.
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Abstract

In this study, the effects of growth temperature, starch composition and granule size on the gelatinisation
and solubility properties of barley starch were studied. The mechanical properties and structures of
amylose and amylopectin film, with and without added glycerol, were investigated. A novel starch-based
microencapsulation method was developed for probiotic bacteria by combining native starch granules
with amylose coating.

The suboptimal growth conditions influenced the properties of two-rowed malting barley cultivars
"Kustaa" and "Kymppi" as well as Kustaa's large A-granules and small B-granules. The gelatinisation
temperature was lower and the rate of retrogradation less in starch grown in cold and rainy conditions.
Swelling and solubility were greater and the starch was more susceptible to amylases. The small B-
granules had a higher lipid:amylose ratio than the large A-granules. The B-granules also had a higher
dissociation enthalpy of the amylose—lipid complex than the A-granules. Furthermore, the gelatinisation
temperature was 4°C higher for B-granules than for A-granules. During heating in excess water up to
90°C amylopectin was mainly leached from the B-granules, whereas amylose was solubilised from the A-
granules. At 95°C, B-granules were completely solubilised but A-granules remained partially particulate.

Amylose produced good quality films from water solutions in the presence of glycerol. Film formation
was successful even at a 70% glycerol content, whereas films could not be prepared from amylopectin
above a 30% glycerol content. Based on calorimetric glass transition (Tg) analysis, pure glycerol was
observed to decrease the Tg. However, water had a stronger plasticisation effect. No difference between
the Tgs of two starch polymers could be observed. The Tg was at room temperature at a water level of
21%. Phase separation to starch-rich and starch-poor regions occurred in glycerol plasticised systems.
Fresh amylose films with 0-30% glycerol at an RH of 0-91% had B-type crystallinity at a level of 6—
32%, depending on the amount of water and glycerol. No changes were observed in the crystallinity of the
amylose films during 2 months of storage. The fresh amylopectin films were amorphous. After a storage
period of 2 months at RH 91%, the amylopectin film with 30% glycerol showed a crystalline structure but
all other amylopectin films remained amorphous after ageing. Crystallisation occurred in the rubbery
phase of the system. Amylose film was not fragmented or dissolved in water, and part of its structure was
resistant to amylases and acid.

Freeze-drying of native potato starch made the granules accessible to a-amylase, and enzymatic
hydrolysis appeared to occur from the inside out, producing porous granules. The porous material was
used as a bacteria carrier in a fermentation process. Dissolved high amylose maize starch solution was
added after the growth period. Finally, the product was freeze-dried to produce powder.
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