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Eftect of cosoiutes on polysacchurides gelation 1

ABSTRACT

In tne tirst stage of the investigation, the effect of high levels of sugars (mixture of 50%

sucrose with 35% glucose syrup) on agarose (0.7 wt %) was characterized by low amplitude

oscillatory measurements of storage modulus {G’), loss modulus (G") and loss tangent (tan d)

as well as large deformation techniques. Samples were prepared at 90°C, and measured
-Fern

immed:ately, or after stor
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ge at 5°C. The combined Williams-Landel-Ferry (WLF)/free
. 1 —r YYIAC 1y : . ~ e

volume tneory was used to derive the glass transition te‘ﬁpera*ure the tractional free volume
and the thermal expansion coefficient of the glass. Solution of high concentrations of sucrose

crystailizes, out additon of the polymer encourages intermolecular interactions, which

¥

transiorm tne mixture into a high viscosity glass. The mechanical properties ot glucose syrup
follow WLF behavior in the glass transition region and revert to an Arrhenius type predictio
in the glassy state. Measurements on sugar samples and agarose-sugar mixtures were resolved

Into a basic function of temperature alone and a basic function of frequency (time) alone. The

i a

former traces the energetic cost of vitmfication, which increases sharply with decreasing

-~

p._

temperature. The latter, at long time scales, 15 governed bjy the infinite molecular weight of the
acarose network. In the region of short times, the etiect of iree volume is active regardless

the sample composition.

In a continuation of investigating the significance of polymer-cosolute interactions, tne etiect
of sucrose, glucose, fructose, sorbitol, xylitol, giycerol and ethan-1,2-diol on gelation of high
methoxy pectin was studied under different expenimental conditions. The main changes in
procedure in comparison with the work on agarose were: (1) the polymer concentration was
increased from 0.7 to 1.0 wt %, (i1) the mixtures prepared at pH 4 and subsequently acidified
to pH 3, rather than being prepared at neutral pH, (ii1) the cosoclute concentration was varying
from 5C to 65 wt % and (vi) the mixtures were studied through rheology, calorimetry and
optical rotation. The samples were prepared ai 95°C and changes in storage modulus (G’) and
loss modulus (G’) during cooling to 5°C, heating to 90° and re-cooling to 5°C, at 1°C/min,
were measured at 1 rad s and 0.3% strain. In ail cases, the onset temperature for geiation

~

during cooling and the moduli recordea at 5°C increased with increasing concentration of

Jq
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cosotute. However, both values were substantially lower for the liquid cosolutes than for

L\U1

mixtures with solid cosolutes at the same concentrations. The difference is attnbuted to

Inn1oition ot pectin-pectin interactions Dy pectin-cosolute interactions, which in tum are

crm e A . .y - b o e iy e s ' ”
innibitea by cosolute-cosolute interactions. On heating there was an initial reduction in

~
modulus, with the same temperature-course as the increase on cooling: o; for the solias, this was

followea by an increase attributable to hydrophobic association of methyl ester substituent

NT ek (neAraac ~ .+ + . . - + :
INO sucn increase was seen with the liquid cosolutes, but DSC studies showed two reversible

thermal transitions in all cases, one over the temperature-range of the initial geiation process

™ ]:ﬂ#‘"‘ "'""'i 1‘“ 7™ v . n; r-: - ‘ | . y
on CoO01ng ana e Otner coincident with the increase in modulus on heat UI1ig 11l the presence of

—~ b e oy diegms L ~ o~ A o~ - - - ~ o - ‘ -
cosotutes is atiriouted to accumulation of cosolute around the polymer chains promotin

7% -

hydrophooic association between methyl ester groups on the same chain; or within clusters of
1th, theretore no contribution to network structure. At high concentrations ot the solid

cosolutes, the increase in modulus on heating was followed by a decrease at higher
eﬂected in lower modull
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on subsequent re-cooling to 5°C, in comtrast to the enhancement in gel strength after heating

and cooling coserved at lower concentration of the same cosolutes.

)

he presence of fructose as cosolute, calonmetric studies showed an intense endotherm
followed immediately by an intense exotherm on heating. These transitions occurred over
approximately the same temperature-range as initial gelation on cooling and increased in
magnitude with increasing concentration of the sugar. The displacement of botn transitions to
r b her i b as increased was much greater than
progressively higher temperature as the rate or heating was increased was mucn greater tnar
nticipated from a simple thermal lag, indicating that the undelying structural changes are

slow. The proposed interpretation is that fructose is capable of site-binding to pectin int both

the ordered and disordered state
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Etfect of cosolutes on polysaccharides gelation

The purposes of this work were to establish the significance of polymer-cosolute

Interactions in the gelation mechanism of two biopolymers, namely agarose and high
methoxy pectin.

For the reader to understand better this work, it is necessary to explain its structure.

Chapter 1 deals with carbohydrates in order to give a general view of the nature of such an

important group of natural polymers. Their structure, properties and mechanisms of
solubilisation and gelation are thoroughly examined, thus allowing a better comprehension
of the behaviour of the biopolymers investigated in the presented work. In a continuation
of this, Chapter 2, refers in detail to agarose and pectin and Chapter 3, is about the

techniques used to investigate these two biopolymers in the presence of cosolutes.

In Chapter 4 we examined highly concentrated systems of agarose (0.7 wt %) in the
presence of high levels of cosolutes (50 wt % sucrose and 35 wt % glucose syrup).
Cosolutes inhibit excessive intermolecular aggregation and allow the concentrated system
to undergo vitrification at subzero temperatures. Its characteristics were examined through

the combined WLF/free volume theory, which was initially applied to synthetic polymers.

In a continuation of the work, high methoxy pectin (1.0 wt %) was investigated in the
presence of various cosolutes at concentrations varying from 50 to 65 wt %. Bota tne
sugars and the sugars alcohols used, promote gelation by binding to water, thus decreasing
the amount of available solvent for pectin to remain in the disordered state. However, their
interactions with the polymer determine the character of the resulting system. Cosolutes
that condense non-specifically or accumulate around pectin helices are examined In
Chapter 5, whereas Chapter 6 refers to those, which specifically bound to both the

disordered and ordered state of pectin and alter the character of the produced gel.

Areti K. Tsoga Ph. D. Thesis Cranfield University, 2001



CHAPTER 1

BIOPOLYMERS

1.1.  INTRODUCTION

Carbohydrates and proteins are the principal groups of natural polymers. These
biopolymers share certain properties such as water binding and hydration, viscosity,

gelation, emulsification and foaming ability, all of which are exploited 1n food product

applications.

1.2. PROTEINS

Proteins are essential to life; they are involved in body structure, the immunological
defence system and part of the hormones. They are composed of different amino acids,
which are linked together with peptide bonds. The structure of an amino acid is shown in

Figure 1.1 where the central carbon atom 1s called the @ carbon and the R group represents
the side chain. With the exception of glycine, where R is a hydrogen atom, the a-carbon

atom 1n amino acids 1s asymmetric. R may be a simple alkyl group; however it can also be
a more complex structure containing a second carboxyl or amino group or even an

aromatic ring structure (Regenstein & Regenstein, 1984).

The first categorisation of proteins distinguishes them between simple and combined ones.
The formers are composed solely of amino acids, whereas the latter include proteins which
have other chemical compounds attached, such as carbohydrates and lipids. Examples of
this category are the glycoproteins, which contain carbohydrates, the lipoproteins (which
essentially behave like proteins) and the proteolipids (which generally act as lipids), the

chromoproteins, which contain chromophores that absorb in the visible light region and are

Areti. K. Tsoga Ph. D Thesis Cranfield Unuversity, 2001



Chapter 1 )

coloured, and the metalloproteins, where a metal group 1s attached (Regenstein &
Regenstein, 1984).

Another classification of proteins divides them into two major categories: globular

proteins, which have a compact molecular structure, and fibrous proteins, which exist in

nature as extended filaments (Van Holde, 1977; Regenstein & Regenstein, 1984).

According to the structural organisation of proteins we distinguish four levels, with only
the first two applying to fibrous proteins:

1. primary structure (the sequence of amino acid along the protein chain)

2. secondary structure (the local configuration of chain sequences into helixes, sheets,

bends, or stretches with irregular geometry)

3. tertiary structure ( the overall three dimensional arrangement of the polypeptide chain
within the globule) and f

4. quaternary (association of individual globules into larger structures).

1.3. CARBOHYDRATES

Carbohydrates, or “hydrates of carbon”, usually have the formula C,(H20), which explains
the origin of their name, where n is 3 or more. They are polyhydroxy aldehydes or ketones
or compounds that can be hydrolysed to them. According to the number of individual
saccharide units they contain, carbohydrates (Rees, 1977; Alexander, 1998; Sutton et al.,

2000) are classified into three main categories:

e monosacchandes

e oligosaccharides and

* polysacchandes

1.3.1. Monosacchandes

Monosaccharides are the simplest group of carbohydrates and most of them are referred to

” or © ” | | i sugar to sugar
as “sugars” or « sweeteners” due to their sweet taste, which varies from sug g

Aret1 K :I'soga Ph.D. Thesis Cranfield University, 2001




Chapter 1

(Alexander, 1998). They have three to eight carbon atoms, but the common ones are these
with five or six. The suffix “-ose” is included in the names of monosaccharides that have a
carbonyl group and are sugars (Coultate, 1993: Alexander, 1998), and the number of
carbon atoms is indicated by terms such as triose, tetrose and pentose. Furthermore, the
prefixes “aldo-” and “keto-” show whether the carbonyl group 1s at the first or a
subsequent carbon atom (Coultate, 1993). “Aldo” sugars are called aldoses and if they
contain six carbons are called aldohexose, while “keto” sugars are called ketoses and a
ketose with five carbon atoms is called ketopentose (Sutton et al., 2000). A common

pentose 1s Xylose and common hexoses are glucose and fructose (in the “aldo” and “keto”

forms, respectively).

Figure 1.2 shows glucose and fructose in a two-dimensional view known as the Fischer
projection, which does not give any information about the conformation of the molecules
1in three dimensions (Alexander, 1998). To obtain information about the three-dimensional
conformation of the molecules, we must look at their stereochemistry. Stereoisomers are
compounds that have the same molecular formula but which can exist in two different,
non-superimposable, mirror image forms, identified as D and L. In aqueous solution, both
isomers rotate the plane of polarised light by the same amount, but in opposite directions.
If the rotation is to the right, the isomer is called “dextrorotary”, whereas if the rotation 1s
to the left the isomer is known as “laevorotary” (Rees, 1977; Coultate, 1993, Alexander,
1998: Sutton et al., 2000). Sugars are classified as D or L according to the configuration of
the penultimate carbon atom (e.g. at C(5) for hexoses). Sugars in the D series are usually,
but not invariably, dextrorotatory and conversely L sugars are usually, but not always,
laevorotatory. Almost all naturally occurring monosaccharides belong to the D-series
(Coultate, 1993), apart from L-rhamnose and L-fucose (Rees, 1977), but other L-sugars

occur in polysaccharides (e.g. L-guluronate in alginate and 3,6-anhydro-L-galactose in

agar).

Apart from the symbols D- or L-, (+) and (-) are used to denote rotation to the night or the

left, respectively. The unfashionable names of dextrose and laevulose stem from the

dextrorotatory and laevorotatory properties of D-(+)-glucose and D-(-)-fructose,

respectively (Coultate, 1993).

Aret1 K Tsoga Ph.D. Thesis Cranfield University, 2001
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Over the years, chemists have synthesised innumerable derivatives of monosaccharides.

Reduction of the carbonyl group to a hydroxyl gives sugar alcohols such as xylitol and

sorbitol. Oxidation of the hydroxymethyl (CH,OH) group to COOH gives uronic acids.

which frequently occur in natural polysaccharides.

When a carbohydrate is composed of five or six carbon atoms it exists in nature as a ring
form. The aldehyde or ketone group interacts with one of the hydroxyl groups of the
carbon chain and the result is a cyclic hemiacetal or a cyclic hemiketal, respectively
(Alexander, 1998; Sutton et al., 2000). The reacting groups may be only four carbons
apart, where a five-membered ring with one oxygen, known as a furanose ring, is
produced. Alternatively, the reacting groups may be five carbons apart, in which case a
six-membered pyranose ring is formed. The terms “pyranose” and “ furanose” come from
the compounds pyran and furan, whose structures are shown in Figure 1.3.a and Figure
1.3.b, respectively (Coultate, 1993). The hemiacetal or hemiketal bond produced is easily
broken and is in equilibrium with the open chain form (Sutton et al., 2000). The carbon
atom that was previously 1n the ketone or aldehyde form and has interacted to form the ning
structure, 1s known as the “anomeric” carbon, and becomes a stereocenter or chiral centre
(its bonding groups can have different spatial ornentations). In this case, the hydroxyl
groups can have two different orientations. The form in which the hydroxyl group is 1n the
“up” position in the flat-ring (Haworth) projection shown in Figures 1.4 and 1.5 1s known

as the B anomer; in the a anomer the hydroxyl group 1s in the “down” position (Coultate,

1993: Alexander, 1998; Sutton et al., 2000).

Due to the stereochemistry of carbon and oxygen, sugar rings cannot be planar. In the case
of a furanose ring, there are two most probable shapes, which respectively have tour of the
ring atoms coplanar and the fifth atom out of the plane, and three of the ring atoms
coplanar with two out of the plane: the envelope and the twist forms (Figures 1.6a,b). It
appears that furanoses in solution are an equilibrium of rapidly interconverting forms such

as these that do not differ greatly from each other (Reeé, 1977; Coultate, 1993).

There are two possible configurations of the pyranose ring that retain unstrained

tetrahendral bonding. These are the so-called “boat” and “chair” forms illustrated in Figure

1 7 In the "B boat form, carbons 1 and 4 are pitched upwards from the central plane ot

Aret1 K. ;I‘soga Ph.D. Thesis Cranfield University, 2001
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(/)

the ring (when viewed in the conventional projection shown in the figure). An inverse form
(B1.4) 1s also possible, where the so-called bow and stern carbons are turned downwards.
Both, however, are highly unstable, because of the eclipsing of the bonds across the C(2)-
C(3) and C(5)-O(5) linkages and steric compressions between the inward-pointing
“masthead” substituents on C(1) and C(4). Neither problem arises in the chair
conformations, where the bonds are fully staggered and C(1) and C(4) point away from

one another. The chair form in which C(1) lies above the plane of the ring and C(4) points

downwards is denoted as 'Cy4, and the converse arrangement is designated “C;.

In both chair conformations, the hydrogen atoms and OH groups at each of the ring
carbons are present either in well-separated equatorial positions, pointing away from the
ring, or in more crowded axial positions above or below the ring (Figure 1.8). Changing
from one chair form to the other converts all axial groups to equatorial and all equatorial
groups to axial. The relative stability of the two chair conformations is dominated by the

energetic advantage of having the bulky C(6) group orniented equatorially, free of steric

compressions. For sugars in the D series, this requirement is satisfied by adoption of “C,
geometry; in the mirror-image L series, where the absolute stereochemistry at the position

of the ring-closure, C(5), is reversed, the corresponding stable arrangement 1s 'Ca.

In the stable chair conformation (*C; (D) or 'C4 (L)) (Figure 1.9) the hydroxyl group at
C(1) is axial for the a configuration and equatorial for §. The identity of the sugar depends
on the configuration at C(2), C(3) and C(4) (with eight possible combinations, only, five of
which occur in nature). In glucose (and its derivatives) O(2), O(3) and O(4) are all
equatorial; O(2) is axial in mannose; O(4) is axial in galactose; O(3) and O(4) are both
axial in gulose (which occurs as L-guluronic acid in alginate); all three are axial 1n 1dose
(found as L-iduronate in heparin and related animal polysaccharides, but not in plant or

bacterial polysaccharides available commercially).

1.3.2. Sugar alcohols (Polyols)

As mentioned above, sugar alcohols, or polyols, are produced via the reduction of the

carbonyl group to a hydroxyl. They are synthesised industrially by reduction of the

Areti K :l"soga Ph.D. Thesis Cranfield Umversity, 2001
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corresponding aldose sugar with hydrogen (Coultate, 1993: Sutton et al.. 2000). Polyhydric
alcohols (or polyols), as they are also known, are carbohydrate derivatives that contain
only hydroxyls as functional groups. Therefore, they are generally water-soluble,

hygroscopic materials that exhibit moderate viscosities at high concentrations in water.

Their use in food is constantly growing, because of demand for their reduced-calorie
sweetener properties (Lindsay, 1996). Their polyhydroxy structure provides them with
water-binding properties. Other specific properties include control of viscosity and texture,
retention of moisture, reduction of water activity, control of crystallisation, improvement
or retention of softness, improvement of rehydration properties of dehydrated foods,
addition of bulk and use as a solvent for flavour compounds. Sugar alcohols are generally
sweet, but less so than sucrose, and short-chain members, such as glycerol, are slightly
bitter at high concentrations. As they are characterised by a negative heat of solution when

they are consumed in the dry form, they contribute a pleasant cooling sensation (Lindsay,
1996).

3

Among the most well known and widely used polyols there are xylitol, sorbitol and

mannitol. The polyols used in the work reported in this thesis were sorbitol, xylitol,

glycerol, and ethan-1,2-diol. Mannitol and erythritol were excluded because of

crystallisation problems.

Sorbitol

Sorbitol, also known as D-glucitol, is a sugar alcohol with 6 carbon atoms, originating
from D-glucose. It is a sugar replacer or sweetener with 60% more sweetness and 50%
fewer calories than sucrose. It maintains moisture in candies and provides taste and body in
sugar-free sweets and chewing gums (IFT, 2000). The conversion of glucose to sorbitol 1s

shown in Figure 1.10, and is accomplished by reaction with gaseous hydrogen using a

metal catalyst such as nickel or palladium (Alexander, 1998).
Xylitol

Xylitol, a 5 carbon atom natural sweetener (Figure 1.11), is derived from xylose by

reduction. It is equivalent to sucrose in sweetness, but does not cause tooth decay and 1s

Areti K. Tsoga Ph.D. Thesis Cranfield University, 2001
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sate for diabetics. Apart from the conventional way of production by hydrogenation of
Xylose from wood fibre, xylitol can be obtained through biocatalysis. The microorganism
used is a yeast-like fungus Pichia guilliermondii (Candida guilliermondii, asexual state),

which has the benefit of high yields with almost no production of ethanol (Leathers &Dien,
2000).

Glycerol and Ethan-1,2-diol

Glycerol, or propan-1,2,3-triol, is a liquid polyol with 3 carbon atoms and 3 hydroxyl
groups (Figure 1.12), which can be esterified. As any other short-chain member of the
polyols, 1t exhibits a slightly bitter taste when used at high concentrations (Lindsay, 1996).
Ethan-1,2-diol is also a liquid polyol, but with 2 carbon atoms and 2 hydroxyl groups.

1.3.3. Oligosaccharides

Oligosaccharides contain up to approximately 10 monosaccharide units. The prefix “oligo®
comes from the Greek word “oAwyo-“ which means “few”. The constituent
monosaccharides are joined together by condensation of the hydroxyl group on the

anomeric carbon atom of one sugar with any hydroxyl group on the next, with formal

elimination of a molecule of water. Chemically, the hemiacetal or hemiketal of the first
monosaccharide 1s converted to, respectively, an acetal or ketal. The linkages formed in

this way between consecutive sugars are known as glycosidic bonds.

When a disaccharide is composed of two 1dentical monosaccharides, there are numerous

possible structures. The most abundant disaccharide is sucrose: a-D-glucopyranosyl-
(1—2)-B-D-fructofuranose (Figure 1.13). As the glucose and fructose units are joined

through, respectively, their hemiacetal and hemiketal groups, conversion to the open chain
form, with a free carbonyl group, cannot occur, and sucrose 1s not, theretore, a reducing
sugar. Under mildly acid conditions or the action of the enzyme invertase, sucrose 1s
readily hydrolysed to its component monosaccharides (Figure 1.14). This phenomenon is
termed inversion and the resulting mixture invert sugar, due to the effect of the hydrolysis

on the optical rotation properties of the solution. Another well-known disaccharide is
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lactose, the sugar of milk, which is p-D-galactopyranosyl-(1—4)-a-D-glucopyranose

(Figure 1.15). Because the glucose ring 1s still in the hemiacetal form (i.e. with an OH
group on the anomeric carbon atom), capable of converting to a carbonyl group in the open

chain form, lactose is a reducing disaccharide (Coultate, 1993).

When a glycosidic link connects the reducing group of one monosaccharide to one of the
hydroxyl groups of another, the resulting compound is a disaccharide. Further such

linkages will produce trisaccharides, tetrasaccharides and ultimately polysaccharnides

(Coultate, 1993).

1.3.4. Polysaccharide types

Polysacchanides occur widely in nature. Those used in commerce and industry are isolates
from terrestrial and marine plants or produced by chemical modification of natural
polysacchanides, and a few are the product of total biochemical synthesis (Table 1). In the
food industry, polysaccharides have numerous applications as thickeners, stabilisers and

gelling agents.

Polysaccharides can be classified in many different ways. Obvious possibilities includes
division into charged and uncharged; branched and unbranched; homopolymeric (i.e.
containing only one type of monosaccharide) or heteropolymeric (with two or more
different types of monosaccharide). They can also be classified by source: land plants;
marine algae (seaweeds); animals; bacteria and fungi, or by biological function: structural
rigidity (e.g. cellulose and chitin); energy storage (e.g. starch; glycogen; seed
calactomannans); wound repair (e.g. gum arabic and related exudates); crosslinking and

hydration of soft tissue (e.g. alginate; pectin; carrageenan; agar) and environmental control

(xanthan and perhaps gellan)

Another method of classification is by the monosaccharides present and the way in which

they are linked together. Major categories of polysaccharides, grouped by this method of

chemical classification, include the following.
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and 1ts derivatives, dextran (a structurally heterogeneous glucan containing linear and
branched sequences with a dominance of 1—6 and a smaller percentage of =2, 1—3 and
I—4 linkages) and pullulan, a linear, water-soluble polysaccharide containing repeating

timers of 1,4-a-D-glucopyranose and 1,6-a-D-glucopyranose in a 2:1 ratio (Aspinall,

1983).
p-(1—4)-Glucans

This category contains cellulose and its derivatives, and the galactomannans and

glucomannans. The latter are represented by locust bean gum and guar gum (1,4-8-D-
mannan with 1,6-a-D-galactose substituents) and konjac gum, a 1,4-B-D-glucomannan,

with glucose and mannose residues both occurring in the polymer backbone. These gums
are notable for showing synergistic interactions with other polysaccharides (xanthan;

carrageenan; agar) and for their tendency to self-associate (Walter, 1998).

Fructans

In this class, fructose is the repeating monomer. The main fructans are inulin, which is

found significantly in dahlia tubers, onions, garlic and Jerusalem artichoke and levan, a

branched isomer of inulin (Aspinall, 1983).

Glycuronans

These are polymers of uronic acids (which at neutral pH, exist in the charged, uronate

form); they are also known as polyuronates. The polyuronates of importance in the food
industry are alginate and pectin. Alginate 1s (1—4)-linked linear co-polymer of {3-D-

mannuronate and a-L-guluronate, with residues arranged in long homopolymeric blocks of

each type (poly-D-mannuronate and poly-L-guluronate), and in heteropolymeric blocks
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with the two sugars arranged 1n an approximately (but not exactly) alternating sequence. It

forms gels by chelation of Ca®* ions between poly-L-guluronate chains (Painter, 1983).

T'he pnimary structure of pectin is based on homopolymeric sequences of (1—>4)-linked «-

D-galacturonate (almost the mirror image of the poly-L-guluronate sequences in alginate),
but with some of the carboxyl groups occurring as methyl esters (Christensen, 1986). The
percentage of carboxyls that are substituted in this way 1n known as the “degree of

- estenfication” (DE). The structure and properties of pectin are discussed in greater detail in

the tollowing chapter.
(1—3), (1—>4)-linked galactans

These include two families of algal polysaccharides used widely as food hydrocolloids:
carrageenans and agars. The carrageenans have a primary structure based on a linear

alternating sequence of a-D-galactose linked at positions 1 and 4 and B-D-galactose linked

at positions 1 and 3, with different degrees and patterns of sulphation (Painter, 1983). In
the gelling carrageenans available commercially (iota and kappa), the (1—4)-linked
residues occur predominantly as the 3,6-anhydride; closure of the anhydride bridge
requires conversion of ring geometry from “C; to 'C4, with consequent conversion of the
bonds at C(1) and C(4) from diaxial to diequatorial. This allows the chains to form coaxial
double helices, which 1s a necessary requirement for gelation (Rees et al., 1982). In lambda
carrageenan, which 1s also available commercially, the anhydride bridge 1s absent,

preventing helix formation and gelation; it i1s therefore used as thickener, but not as a

gelling agent (Towle, 1973).

In the gelling polysaccharides of the agar senies, the (1—4)-linked residue also exists

predominantly at the 3.6-anhydride, but is in the L-configuration rather than D. As a
consequence, the double helices in agar gels have left-handed geometry, in contrast to the
right-handed helix structure adopted by carrageenans (Arnott et al.. 1974; Millane et al.,
1988). The parent member of the agar series is agarose, which is an unsubstituted neutral
galactan. Agarose helices, being uncharged, associate readily into large aggregates, which

cause thermal hysteresis between gelation and melting and reverse gel strength (Dea,

1989). Natural agars occur with different degrees of sulphation (lower than 1n
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carrageenans), and may also have other substituents such as O-methyl and pyruvic acid

ketal. These inhibit aggregation. with consequent reduction in gel strength and in extent of

hysteresis (Guiseley, 1970).
Complex repeating sequences

Some polysaccharides of plant origin, notably gum arabic, have complex primary
structures, but these arise from enzymic modification after initial biosynthesis (Aspinall,
1983), and are normally irregular and non-repeating. Bacteria, however, are capable of
synthesising structurally regular polysaccharides with large oligomeric repeating units.
Succinoglycan, which is produced commercially but is not allowed for food use, has an

octasacchande repeating sequence. The two food-allowed materials of this type are

xanthan and gellan.

L

Xanthan has a (1—=4)-linked B-D-glucan backbone (as in cellulose), but this is solubilised

by charged trisacchande sidechains of:
B-D-Manp-(1—4)- B-D-GlcpA-(1—=2)-a-D-Manp-(1—

attached at O(3) of alternate glucose residues. The inner and outer mannose residues of the

sidechains are substituted, non-stoichiometrically, with, respectively, acetyl at O(6) and
4 6-linked pyruvic acid ketal. Xanthan forms pourable “weak gel” networks by packing of

the sidechains along the polymer backbone, to give ordered helices which associate weakly

1in solution (Morrns, 1984).
Gellan has a linear tetrasacchande repeating sequence (Jansson et al., 1983) of:
—3)-8-D-Glcp-(1—4)-B-D-GlcpA-(1—4)-3-D-Glcp-(1—4)-a-L-Rhap-(1—

The polymer is biosynthesised with an L-glyceryl substituent on O(2) of the 3-linked
slucose and, in at least a proportion of the repeat units, an acetyl group on O(6) of the same
residue (Kuo et al., 1986). In normal production of commercial gellan gum, however, both

substituents are removed almost completely by exposure to alkali. Gelation of gellan gum
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(Baird et al., 1992) occurs by formation of 3-fold double helices (Chandrasekaran et al.,

1988) similar to those of carrageenan, which associate further in the presence of

appropriate metal cations (Mg*"; Ca®"; Na*: K™

From a broader viewpoint, Rees (1977) classified polysaccharide primary structures into

the following categories:

* Periodic sequence: the sugar units are arranged in a repeating pattern along the chain,
e.g. amylose and cellulose.

* Interrupted sequence: the sugars also have a repeating sequence, although separated or
interrupted by departures from regularity, e.g. alginates and carrageenans.

* Apernodic sequence: these are characterised by irregular sequences, linkage positions,
or occasionally configurations. Sometimes the structure is composed of a number of
short sugars chains; thus the overall molecule is branched. e.g. the carbohydrate

sequences 1n immunoglobulin IgG. !

1.3.5. Polysaccharides conformations

The shape (conformation) of polysaccharide chains 1s determined by rotation about the
bonds 1n the glycosidic linkage between adjacent residues. The angles of rotation about the

bonds are denoted by the Greek letters @ and vy, as shown in Figure 1.16 for cellobiose;
however, an extra angle, symbolized as w, 1s used when the linkage 1s through the —OH
group at C(6), as in the case of dextran. Polysaccharides in solution normally exist as
disordered coils with ¢ and ¥ (or @, ¥ and w) fluctuating continually. In the ordered state
of polysaccharides, both @ and 1 angles are constant, which results in a regular repeating

chain shape. The values of ¢ and 1 for such ordered structures can be determined by X-ray

fibre diffraction (Rees, 1977).

The nature of the ordered state is mainly controlled by the orientation of the bonds to and
from the constituent monosaccharide rings. Linkage patterns can be classified as follows:

e Equatorial bonds at C(1) and C(4): in this case the linkages are parallel and slightly

offset from each other, giving extended ribbons in the ordered state and expanded coils

in solution (e.g. galactomannans).
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* Axial bonds at C(1) and C(4): the linkages are parallel but offset from each other by
the full width of the sugar ring. The resulting ordered geometry has the shape of a

buckled ribbon, characteristic of the poly-D-galacturonate sequences of pectin and

poly-L-guluronate sequences of alginate.

* One axial and one equatorial bond between C(1) and C(4) or equatorial linkages

between C(1) and C(3): both types of linkages lead to hollow helix ordered structures
as for example in the case of amylose (first pattern) and curdlan (second pattern).

* DBonds between C(1) and C(6): ordering of these chains is extremely difficult due to
the linkage flexibility.

Bonds between C(1) and C(2): as these positions are neighboring to each other, severe

steric obstructions are developed, giving contorted chain geometry.

Consequently, according to the above classification (Rees, 1977), polysaccharides are

divided 1nto four different chain families:

* Ribbon family with equatorial bonds at C(1) and C(4) or axial bonds at C(1) and C(4),

 Hollow helix family with one axial and one equatorial bond at C(1) and C(4) or
equatorial linkages at C(1) and C(3),

* Loosely joined family with bonds at C(1) and C(6), and

* Crumpled family with bonds at C(1) and C(2).

1.3.6. Polysaccharide solubility

The majority of polysaccharides contain glycosyl units with three hydroxyl groups
available for hydrogen-bonding to water. Furthermore, both the ring oxygen atom and the
olycosidic oxygen atom that connects one sugar ring to another can also form hydrogen
bonds with water molecules. Consequently, glycans exhibit a strong affinity for water and

often hydrate readily (BeMiller & Whistler, 1996). However, the degree of solubility in

water depends on the structure and conformation of the polysaccharide. Charged molecules
are more water-soluble because of the electrostatic repulsions between the chains.
Moreover, the presence of branches on the chain backbone increases the solubility as they

increase the entropy for the disordered conformation in solution. Flexible polymer chains

are also more water-soluble (Rees et al., 1982).
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Once hydrated, polysaccharides control and modity the mobility of water in food products
and, simultaneously, water influences significantly the physical of the polymer. Together

they determine the functional properties of most food systems, including their texture
(BeMiller & Whistler, 1996).

The hydration water, which makes up only a small part of the total water in gels and fresh

tissue in foods, is naturally hydrogen bonded to polysaccharide molecules. Moreover, its

bound to the polymer. It appears that. although their motions are retarded, they are able to

exchange freely and rapidly with other water molecules (BeMiller &Whistler, 1996).

1.4. GELATION OF BIOPOLYMERS

Biopolymer gels consist of a continuous network of macromolecules interspersed by a
liquid, usually water. The liquid prevents the polymer network from collapsing into a
compact mass and the network assures that the liquid will not flow away. The network is
built up by crosslinking of the biopolymer chains. Polymer gels can be divided into two

main categories:

¢ Chemical gels: macromolecules crosslinked by covalent bonds between certain atoms

of the chain, which are permanent and cannot be broken by heat. Therefore, chemical

gels are thermally irreversible (Braudo & Plaschina, 1995)

¢ Physical gels: characteristic of thermo-reversible gels formed from both synthetic and
biological macromolecules. Their formation 1s attributed to the development of non-

covalent crosslinking involving intermolecular junction zones (Ross-Murphy, 1991).

The non-covalent interactions include hydrogen bonding, dipolar interactions, van der
Waals forces, anion-cation interactions and hydrophobic interactions. Each one of the
wbove-mentioned bonds is weak, but when they act together they co-operate, and the result

s a strong junction zone. Nevertheless, the junction zones are weaker than the covalent
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