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Introduction

Gel-sol transitions are universal phenomena influencing
our everyday life: egg white changes from sol to gel when
cooked; blood clots when we have a wound, if it does not
we will lose our life!; sputum formation in bronchia; coagu-
lation of proteins in cheese making or tofu making, the
former as a consequence of the aggregation of milk protein
(casein) in the presence of rennet, which is obtained from
the lining of calves’ stomachs and contains an enzyme
called chymosin, whilst the latter is a result of the coagula-
tion of soybean proteins (mainly glycinin and p-con-
glycinin) in the presence of coagulant such as glucono-d-
lactone or calcium sulphate; the in-mouth dissolution of
coffee jelly made from gelatin or the solidification, in the
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refrigerator, of concentrated soup which contains meat or
fish, a traditional Irish dessert blancmange made from
Irish moss mixed with milk; many other important phe-
nomena in biological and food related fields are described
previously [1-5); a thin liquid film of paint on a car
surface changes into a thin solid film through sol to gel
transition; gel formation in various synthetic polymers
which are used as an actuator; controlled release for drug
delivery; and the basis of these phenomena is described
previously [6].

Many rheological studies have been carried out for
food hydrocolloids which have gelling abilities because:

1) Polysaccharides and proteins act as texture modi-
fiers controlling the rheological properties and
mouthfeel;
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ii) Polysaccharides and proteins act as model substances
for studying textures of foods whose mechanical and
sensory properties are far more complex;

iif) Polysaccharides and proteins are themselves impor-
tant ingredients of food.

During the development of science and technology of
hydrocolloids, the emphasis has been laid on:

i) The optimization of food processing, conditions of
preparation and storage, (looking for the best temper-
ature, pH, ionic strength, concentration of hydrocol-
loids, etc).

ii) The relation between sensory evaluation and instru-
mental measurement.

iii) The structure—property relation. The network struc-
ture, especially, the structure of junction zones, mo-
lecular forces, hydrogen bonding, hydrophobic
interaction, ionic bonds have been studied [1,2].

Rheological techniques widely used in hydrocolloids
may be classified into (i) small deformation rheology where
the linearity between stress and strain is satisfied, and
therefore, the methods of analysis for experimental results
have been well developed, and (ii) large deformation and
fracture both of which are difficult because of non-linearity
and probabilistic nature. Clark and Ross-Murphy [2],
Schurz [3], Nijenhuis [4] have written excellent reviews
on gelling polymers mainly from the viewpoint of a rheo-
logist, and a unique monograph by Guenet treated
thermoreversible gels [5]. The application of small defor-
mation rheology and DSC to water soluble polymers and
colloids, which have not been discussed so much in the
above reviews, is discussed in the present work.

Dynamic viscoelasticity

When the colloidal solution is subjected to sinusoidal
shear oscillation with an angular frequency w and an
amplitude y,, the strain y* is written as y* = y, exp(iwt),
where i = —1, and ¢ is time. Then, the stress of the same
frequency is induced t* = 1gexpi(wt + 0), where 7, is an
amplitude and ¢ is a phase lag. Complex shear modulus G*
is defined as G* = t*/y* = (14/y0)exp(id) = (t¢/yo)cOs 6 +
isin §). The relation between strain and stress is shown in
Fig. 1. The real and imaginary parts G’ and G" of
G*(=G' + iG") are called storage shear modulus and loss
shear modulus respectively, G’ = (1o/y0)cOs 9,
G" = (10/70)sin 6. The storage modulus G’ is proportional
to the elastic energy stored in viscoelastic material in
a period of oscillation, while the loss shear modulus G” is
proportional to the dissipated energy as heat in a period of
oscillation. The ratio G”/G’ = tané is called mechanical
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Fig. 1 Strain vector y* and stress vector z* in the complex plane.
+* rotates with an angular velocity w, and t* rotates with the same
angular velocity but out of phase 6. 1, = 1ocosdand 1, = 1osind are
components of 7* which are in-phase and out-of-phase to y* respec-
tively

loss tangent. The value of tan 6 tends to infinity for a pure-
ly viscous fluid, while it tends to zero for a purely elastic
solid [6].

The oscillatory measurements are usually performed
by using cone-plate or plate-plate or coaxial cylinder geo-
metry [6]. It is necessary to cover the surface of the sample
solution or dispersion by e.g. silicone oil to prevent the
evaporation of water. It is also essential to use a serrated
or grooved cone/plate/cylinder to avoid the slippage.

Gelation kinetics-Time dependence of storage and loss moduli
G' and G’ of a solution at a constant temperature
and a frequency

When a solution prepared at a non-gelling temperature is
kept at a certain gelling temperature, G* begins to increase
with lapse of time. Clark and Ross-Murphy discussed the
ideal condition of measurement to be adopted; the fre-
quency and the amplitude should be as low as possible so
that the structure being formed might not be broken,
however, the frequency ca. 1 Hz has been chosen in most
cases [2]. The geometry of the apparatus for viscoelastic
measurements should be chosen so that the injected
sample solution can be quenched (cooled rapidly) or can
be heated rapidly. This can be satisfied generally if the
required volume of sample solution is small. Generally, the
gelation proceeds faster at higher temperatures for a heat-
setting system whilst it proceeds faster at lower temper-
atures for a cold-setting system. It is easier to carry out the
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rheological measurement at the temperature where the
gelation proceeds slowly.

In the first order kinetics, the storage modulus is writ-
ten as follows:

G'(t) = Gl l — exp(—kit —t0))] (1)

where t, is the latent time (gelation time), k is the rate
constant, and G, is the saturated value of the storage
modulus after a long time. Solutions of some biopolymers
such as methyl cellulose [7-9], xyloglucan [10, 11], curd-
lan {12], glycinin and S-conglycinin [13-15] form a gel on
heating, while solutions of other biopolymers such as
agarose [16-18], carrageenan [19-21], gelatin [22-24]
and gellan [25-30] form a gel on cooling. Therefore, the
experimental procedure for the former group (gelation on
heating) is as follows: after preparation of a solution at
a lower temperature than the gelation temperature, the
solution should be heated rapidly and kept at a higher
temperature. For some polymers, it is necessary to add
a coagulant to induce the gelation as in the gelation of
soybean proteins and casein micelles, whilst some poly-
mers such as methyl cellulose or xyloglucan from which
some galactose residues are removed form a gel on heating
without adding any coagulant.

A time evolution of G° and G” for glycinin (11S
globulin) and B-conglycinin (7S globulin), which are major
gelling proteins in soybeans, in the presence of a coagulant
(glucono-d-lactone, GDL hereafter) is shown in Fig. 2
[157. Since the quantity of the sample solution required for
viscoelastic measurement was very small, ca. 0.7 mi, the
temperature of the solution became almost immediately to
the temperature of the measuring cell, which had been

Fig. 2 Gelation kinetics of soybean glycinin (dotted curves) and
B-conglycinin (solid curves) solutions. Protein concentration, 4 wt%;
glucono-6-lactone concentration, 0.4 wit%,; temperature, 60°C; fre-
quency, 3 Hz
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heated at 60°C beforehand. This experiment is a simula-
tion of tofu (soybean curd) making process. The gelation
time t, is far shorter for glycinin than for S-conglycinin,
and the gelation rate is much faster for glycinin than for
B-conglycinin. The rate constant of gelation k as a function
of the concentration of a coagulant GDL increased with
increasing concentration of GDL for both glycinin and
B-conglycinin at a fixed concentration of protein 4 wt%.
The value of k as a function of protein concentration
decreased with increasing concentration of protein in the
presence of 0.4% GDL, which is caused by the lack of
coagulant for higher concentrations of protein. When the
ratio fS-conglycinin/GDL was fixed to 10/1, the gelation
time decreased with increasing concentration of the poly-
mer (f-conglycinin), which is commonly observed for
methyl cellulose [9], casein [31] and many other gelling
polymers [2,4].

Gel formation of casein micelles in the presence of
rennet has been studied extensively as a basis of cheese
making process [31-36]. It is well known that k-casein
existing on the surface of casein micelles liberates hydro-
philic glycomacropeptide, and the remaining hydrophobic
para-casein micelles aggregate to form a three-dimensional
network [31]. Niki and his coworkers [34] studied the
effects of micelle size of casein on the gelation process. The
increase in storage modulus as a function of time after
rennet was added was again well approximated by the first
order kinetics. The gelation time t, for small micelles was
shorter than that for large micelles, and was a decreasing
function of temperature. The rate constant of aggregation
k was proportional to the concentration of rennet, and
larger for small micelles. The final saturated value of stor-
age modulus as a function of concentration at a constant
temperature after a sufficient long time was proportional
to the square of concentration, whilst it showed a max-
imum at 27 °C as a function of temperature at a constant
concentration [34]. It is suggested that whilst hydrogen
bonding is not negligible in the gelation of casein micelles,
this event is governed mainly by hydrophobic interaction.

A time dependence of G’ and G” for methyl cellulose
of various molecular weights is shown in Fig. 3 [9]. Since
an aqueous solution of methyl cellulose shows a thermo-
reversible gel-sol transition, and its behavior is the oppo-
site to many other thermo-reversible gels which are formed
on cooling and dissolved on heating, it has attracted much
attention [7=9]. Solutions of higher molecular weight frac-
tions begin to form a gel at an earlier time, and G’ increases
faster than solutions of lower molecular weight fractions.
Although the gelation mechanism of methyl cellulose has
not been clarified so well, many authors agree on the point
that this polysaccharide forms a gel on heating by asso-
ciation induced by hydrophobic interaction [7-9]. Gela-
tion induced from the association of polymer chains is
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from this figure, storage modulus increases faster at lower
temperatures than at higher temperatures. It seems that
gelatin solutions do not reach an equilibrium state; storage
modulus G’ still increases even after 100 h.

Not all the gelation processes can be approximated
well by the first order kinetics described by Eq. (1). Gener-
ally, if the gelation proceeds by two steps with different
rate constants, Eq. (1) should be modified. A time evolu-
tion of dynamic modulus in blood clotting was well ap-
proximated by

G(t) = Glsat[l - exp(_kl(t - th)):]

+ Gl — exp(—ky(t — t20))] , (1y
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Fig. 3 Gelation kinetics of methyl cellulose of various molecular
weights. Temperature, 55°C; frequency, 3 Hz. Viscosities of each
2 wt% solution of methyl cellulose fractions are 400 cP (A), 100 cP
(0), 25¢cP (O), 15¢P (A)

promoted by the increase in molecular weight of the poly-
mer [2-5]. This has been noticed by many authors espe-
cially on the gelation of gelatin [22,37]. The gelation
mechanism of methyl cellulose will be discussed later in
relation with Fig. 14.

The experimental procedure for the latter group
(gelation on cooling) is as follows: after preparation of
a solution at a higher temperature than the gelation tem-
perature, the solution should be cooled rapidly and kept at
a lower temperature. Figure 4 shows the gelation process
of aqueous 1.95 wt% gelatin solution at various temper-
atures lower than the gelation temperature [24]. As is seen

where k; and k, are rate constants for gelation at each
step. The first process was attributed to the cross-linking
reaction between fibrin fibers, and the second process was
ascribed to lateral association of fibrin fibers [38,39].

Djabourov [22] analysed the time evolution of helix
content y(t) of aqueous gelatin solution at a constant
temperature by

(1)

where y, and y; are amplitudes of fast and slow gelation
processes, and tx and tg are characteristic times for fast and
slow processes, respectively. Axelos and Lefevbre [40]
used the same Eq. (1)” to analyze the time evolution of
storage shear modulus of aqueous solutions of low meth-
oxyl pectin in the presence of calcium ions. They found
that both characteristic time t¢ and tg decreased and that
%o and y, increased with increasing ratio of calcium/pectin.

20 = 7o[1 — exp(—t/tg)] + x1log[1 + t/t5] ,

Fig. 4 Reduced storage 900
modulus of 1.95 wt% aqueous

gelatin solution as a function of -
ageing time at various ageing

temperatures. Angular A
frequency, 0.39 rad/s; reference
temperature, —1.2 °C. Taken
from Ref. [24]
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Mechanical spectra-Frequency dependence of storage and loss
moduli of a solution at a constant temperature

It is well known that a power law

G'(w) ~ w?, G'(w) ~w

)

is valid for polymer melts at low frequencies [6(c)]. The
same behavior is also found in dilute aqueous solutions of
polymers. In elastic gels, both moduli show a plateau even
at low frequencies [41]. The intermediate states of these
two extremities are concentrated solutions in which G and
G” show a cross-over at a certain frequency; G” is larger
than G at lower frequencies but G’ predominates G” at
higher frequencies [2,4]. Frequency dependence of G and
G” should be observed after the accomplishment of the
equilibrium at a constant temperature. It is urgent to
develop an apparatus which permits the simultaneous
data acquisition of G’ and G" at different frequencies,
which has been realised for dielectric measurement for
many years.

Frequency dependence of storage and loss moduh G
and G” for 1-3 wt% sodium type gellan gum aqueous
solutions is shown in Fig. 5 [27]. Gellan gum is a micro-
bial polysaccharide consisting of a tetrasaccharide unit,
glucose—glucuronic acid—glucose—rhamnose, and has at-
tracted much attention because it forms a transparent,
heat- and acid-resistant gels. It is believed that gellan gum
molecules take double helical conformations in solutions
at lower temperatures (42,437, and above a certain critical
concentration, they form aggregates which play the role of
junction zones, resulting in a three-dimensional network
[307. Rheological properties of aqueous geilan gum solu-
tions are expected to change with the conformational
transformation of gellan gum molecules. Since a subtle
change in metal ion content will cause a drastic change in
physico-chemical properties of polyelectrolyte solutions,
the common sample of sodium type gellan gum was dis-
tributed to 17 laboratories with different expertises [44].

Frequency dependence of G’ and G” shown in Fig. 5 was
observed at each temperature after keeping the temper-
ature ca. 60 min to reach an equilibrium. A 1% solution of
this gellan gum shows a typical dilute solution behaviour
of flexible linear polymers at 0-30°C; G” > G’ for all the
frequencies accessible, and both moduli increase with in-
creasing frequency (Fig. SA). A 2% solution also shows
a dilute solution behaviour at 30°C, but G’ and G” show
a cross-over at 15 and 25°C; G" > G’ at lower frequencies
but G’ > G" at higher frequencies (Fig. 5B). This 1s a so-
called concentrated solution behavior. The molecular
chains disentangle during a long period of oscillation at
low frequencies, and the solution behaves as a viscous
liquid, whilst the molecular chains do not disentangle
during a short period of oscillation at high frequencies,
and their entanglement points play a role of temporary
knots of three-dimensional network, and as a result the
solution behavior tends to that of an elastic solid. Further
cooling to 0°C leads to a weak gel behavior; G' > G” at
all frequencies and both moduli show only a slight fre-
quency dependence (Fig. 5B). A 3% solution shows a
concentrated solution behavior at 30°C, however, it
shows a weak gel behavior at lower temperatures <25°C
(Fig. 5C).

It is well known that rheological properties of anionic
polysaccharides such as x-carrageenan and gellan are
strongly influenced by the addition of salts [2,4]. Fig. 6
shows the mechanical spectra of 1% gellan gum solutions
in the presence of sodium chloride. The cations shield the
electrostatic repulsion between carboxyl groups in gellan
gum molecules, and hence promote the helix formation
and the association of helices. The role of cations in gela-
tion of gellan will be discussed later in relation with
Fig. 15. Storage modulus G’ shows a plateau and loss
shear modulus G” shows a shallow dip at around 5 x 107 *
rad/s which has been observed for many elastic gels such
as agar gels [41], bovine serum albumin gels [45], actin
gels [46], p-conglycinin gels [13] (shown in the lower

Fig. 5 Frequency dependence 109 A) B) (©)
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figure of Fig. 9). Some theoretical treatments have been
worked out [47, 48], but the predicted dip was always too
deep or too sharp, and this should be studied further. As is
shown in Fig. 5A, a 1% gellan gum solution in the absence
of salt behaves like a dilute solution, whilst the same
solution in the presence of sodium chloride behaves like an
elastic true gel.

The reason why salts enhance the gelling ability of
anionic polysaccharides has been attributed to the specific
binding of cations to the anionic group as proposed in
a “domain model” for the gelation of carrageenan by
Morris et al. [49] or/and to the electrostatic shield of
repulsion of anionic groups (carboxylic groups in gellan
gum molecules [28], and sulfate groups in x-carrageenan
molecules [50]) by cations in salts. Although both urea
and guanidine hydrochloride are known to break hydro-
gen bonds, the storage modulus of k-carrageenan gels in-
creased by the addition of guanidine hydrochloride whilst
it decreased by the addition of urea [51,52]. Guanidi-
nium ions play a similar role of cations such as potassium

ions or calcium ions which increased the storage modulus
of k-carrageenan gels [21,53-55]. Therefore, in the pres-
ence of small amount of guanidinium ions, the action of
guanidinium ions to shield the electrostatic repulsion
between anionic groups is more important than the
breaking of hydrogen bonds.

Winter and Chambon proposed a method to deter-
mine the gelation point from mechanical spectra [56,57].
According to their proposition, the gelation point is de-
fined as a point where G'(w) ~ G"(w) ~ w". Although this
method has been proposed using a chemical gel, Nijenhuis
and Winter tried to apply this method to physical gels
[58]. Recently, Hossain et al. [19] examined the applica-
bility of this method to i-carrageenan solutions. Figure 7
shows the mechanical spectra for 2% i-carrageenan solu-
tions at various temperatures from 45°C to 59°C. At
45°C, both moduli G’ and G” show a plateau at low fre-
quency region. G' and G” became more frequency depen-
dent with increasing temperature. They found that both G’
and G” became proportional to w" at T, = 57°C over the
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Fig. 7 Frequency dependence
of ¢’ ((O)and G” (O)fora 2 wt%
1-carrageenan solution at
various temperatures. The data
are shifted along both the
horizontal and vertical axes by
shift factors a and b,

©
respectively to avoid the a
overlapping &
&

£
O

entire angular frequency range. Further heating of the
solutions gives rise to a cross-over of G’ and G”, and then
G” begins to predominate G’ at 59 °C. The gel point was
determined as the temperature at which both G’ and G”
followed the power law with the same exponent n, which
was smaller than 0.5 proposed by Winter and Chambon
[56,57] or 0.8 found by Nijenhuis and Winter [58] for
polyvinylchloride bis(2-ethylhexyl)phthalate systems, and
the exponent was found to decrease monotonically with
increasing concentration of i-carrageenan,

Curdlan, a microbial polysaccharide consisting of §-1,3
glucan, is known to form a gel on heating, and the gel
formed on heating above ca. 80°C is thermo-irreversible
and the gel formed on heating below that temperature is
thermo-reversible [59,60]. Although curdlan is not sol-
uble in water but only can be dispersed, it is soluble in
dimethylsulfoxide (DMSO). DMSO solutions of curdlan
showed a similar behaviour to soluble polysaccharides as
described above. The cross-over frequency of G’ and G” for
DMSO solutions of curdlan shifted to lower frequencies
with increasing concentration of curdlan [12] (data not
shown). However, it seems difficult to prepare a high
enough concentrated solution which forms a gel. Fre-
quency dependence of storage and loss shear moduli, G
and G”, for aqueous dispersions of curdlan of 2-4% at
40°C is shown in Fig. 8 [12]. All these dispersions showed
a solid-like behaviour; G’ > G” at all the frequencies and
shows a plateau region even at a low frequency region.
Ross-Murphy et al. [617 found the similar behavior for
a 0.5% xanthan aqueous solution, which was called
a weak gel behavior. Similar rheological behaviors for
dispersions of colloidal particles which are not soluble in
water have been observed for dispersions of polystyrene
lattices [62] where repulsions between colloidal particles
make a so-called “colloidal crystal” [63]. 1t should be

10° S —
105 3 Eesesssanveaazes sl PP LIC
*3 000000000000
104 908000 arore e 5000
00
102 z 0000000000007 et 55°C
@A
101 2 Ww:ow% .
10 e e 0000000
0 shift factorgig 900000 g
10 = WC’
107" +1 55
1
10_2 o G? N QQOOODOO@G@GG
o » 2
1073 G e
10_4 T e e e e A3v IR
105104102 1021071 10° 10", 10? 103 10¢ 10° 108
10%w/rad.s”
1000
& 100 AAAaAAAAAAAAAAAAAAA
9 AAAAAAAAAAAAAAAAAAL
© Oooooooooooooooooga

o
e e el Ay
anNananunuunEE® uun

1 T T T 1

0.01 0.1 1 10 100
w /rad/s

Fig. 8 Frequency dependence of G’ and G” for 2, 3, and 4 wt%
aqueous dispersions of curdlan at 40°C. (O) (G'), (W) (G"), 2 wt%;
(O) (G), (@) (G"), 3 wt%; (L) (G), (&) (G7), 4 wt%

noted that all these solutions or dispersions have a finite
yield stress although it is not easy to determine the precise
value because it depends on the sensitivity of rheological
instruments.

Figure 9 shows the storage and loss moduli of 15 wt%
f-conglycinin solutions which were heated at various tem-
peratures as a function of frequency. The storage modulus
G’ as a function of frequency changed from a monotonical
decrease with decreasing frequency to a plateau in the
range from 0.0018 to 40 Hz by heating at temperatures
higher than 65°C. The increase in the storage modulus
with increasing heating temperature seemed to saturate
above 75 °C. Both solutions of f-conglycinin (Fig. 9) and
glycinin (data not shown) showed a plateau of the storage
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Fig. 9 Frequency dependence of G’ and G” for 15 wt% f-conglycinin
solution in 35 mM phosphate buffer at pH 7.6, which had been
heated at various temperatures for 30 min. (A) 60°C; (A) 65 °C; (O)
70°C; (O) 75°C; (@) 80°C

modulus when heated at a temperature higher than 75°C
for f-conglycinin and 90 °C for glycinin. The temperature
difference 15 °C is just the same to the denaturation tem-
perature difference reported for these polymers {64, 65].
This is reasonable because the denaturation is believed
to be a prerequisite for the heat-induced gelation of globu-
lar proteins [66,67]. Absorbance change at 1618 cm ™!
observed by FTIR (Fourier Transform Infrared Spectro-
scopy) as a function of temperature began to increase
steeply at around 80 °C for glycinin and at around 65°C
for B-conglycinin. This was in good agreement with
the above-mentioned results. The band observed at
1618 cm™ ! in FTIR is characteristic of the f-sheet struc-
ture [68,69]. A good correlation was found between the
storage modulus at 0.87 Hz and the increase in absorption
at 1618 cm ™~ '. These results suggest that heat induced gels
of glycinin and p-conglycinin are formed by cross-links
with intermolecular f-sheet structures [13].

Thermal scanning rheology-Temperature dependence
of storage and loss moduli G' and G" of a solution
at a constant frequency

Scan rate strongly influences the results. Generally, it
should be slow to be not far from equilibrium. It is recom-
mendable to change the scan rate for unknown samples to
see the effect of scan rate, and extrapolate to zero scan rate.
It may be possible to analyze the scan rate dependence to
understand the kinetics of the system which has not been
tried so often.

Figure 10A—D shows thermal scanning rheological
measurements for G' and G” for 1.0, 2.0, 3.0 or 3.5%
solution of gellan gum [30]. For lower concentrations and
at higher temperatures, G” predominates G’, and a step-
like increase in G” on cooling is seen at 30°C for a 1%
gellan gum solution. The value of G’ for a 1% gellan gum
solution was too small to be detected by the present
apparatus. The molecular ellipticity [6] at 204 nm in cir-
cular dichroism measurements [70] is also shown in
Fig. 10A together with G". The value of [#] stays constant
above 30 °C, and shows a step-like decrease at 30 °C in the
cooling process, which has been attributed to coil-to-helix
transition of gellan gum molecules. The step-like change of
G” observed at the same temperature should also be at-
tributed to coil-helix transition. For a 2% gellan gum
solution, both G’ and G” could be observed even at higher
temperatures. G” shows a step-like change at ~35°C, and
G’ predominates below ~ 7°C. The cross-over of G’ and
G" occurs below the temperature of the step-like change
of G”, and at the cross-over temperature, G” shows a step-
like change. The cross-over temperature is attributed to
sol-gel tramsition temperature T,, and the sol-gel
transition temperature determined in this way are shown
as a function of polymer concentration in Fig. 11. When
the temperature of the system is lowered from a higher
temperature, helices begin to be formed at T,,, and a fur-
ther cooling of the system leads to a gel formation. There-
fore, helix formation is a pre-requisite for a gel formation.
However, a dilute solution does not form a gel even if
helices are formed, because the number of helices is not
sufficient to percolate to form a three-dimensional net-
work. This situation is quite similar to that observed in
gelatin solution; Djabourov et al. [22] observed the gel
formation only for solutions whose helix content exceeds
7%, i.e. shear modulus begins to be detected above 7%
helix content. Two transition temperatures T, and T,
coincide for a concentrated gellan gum solution >3.5%
because, in concentrated gellan gum solutions, as soon as
helices are formed, they associate to form junction
zones which play a role of knots of the three-dimensional
network.
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Fig. 10 Temperature

dependence of G’ (O, @) and G” @) ®B)
(A, A) for gellan gum solutions 102 o -
of various concentrations: (A) 1.0% gellan gum e 2.0% gellan gum
1.0 wt%; (B) 2.0 wt%; (C) 101} 5 i
3.0 wt%,; (D) 3.5 wt%. Open Z
symbols are used for cooling . 1.5
processes and closed symbols < 100} g e
for heating processes. Scan rate, & T 104
0.5°C/min. Angular frequency, %5 gn -J
0.1 rad/s. Larger open circles T 101p daa, < 0.5 -
() in (A} represent the e o
molecular ellipticity [8] at S 04
204 nm for 1.0 wt% solution 1021 % -
observed at the same scan rate. ) 0.5
Taken from Ref. [70]
10-3p [») Lo =
o -1.049
104 A W A A 4 -1.5 i A i i X 3
© CD) 35% gellan gum
102 r 3.0% gellan gum - -
101 b+ Wmh "
'As,
g 100 } a
© 101} N
(G
102} IR L VY 8
103 -
104 1 1 i Nt L ) " N N . L .
0 10 20 30 40 50 60 0 10 20 30 40 B8O 60

Temperature / "C

Figure 12 shows the gelation process of a 15% soybean
B-conglycinin solution [14]. At a constant temperature of
80°C, G' for the f-conglycinin solution increased, and
continued to increase when the temperature was lowered
from 80°C to 20°C at the rate of 1°C/min. G’ decreased
with increasing temperature from 20°C to 80°C at the
same rate. Values of G’ are symmetrical about the vertical
line t = 3600 s. The increase in G’ after 1800 s when heat-
ing is stopped and the temperature is lowered is attributed
to the further formation of network structure by hydrogen
bonding which may be broken by heating from 20°C to
80°C. Although it is almost impossible to evaluate the
contribution of hydrophobic interactions, hydrogen bond-
ing, ionic interactions and covalent bonding quantitatively
because these interactions operate simultaneously [2,67],
Fig. 12 clearly shows the important contribution of hydro-
gen bonding to the gel formation of f-conglycinin.

Temperature / "C

DSC study

Differential scanning calorimetry (DSC) has been used to
study the gel-sol transition, the denaturation of proteins,
the gelatinization of starch and the state of water in gels.
The heat absorbed per unit time d@/dt is given by C d T'/dt,
where C is the heat capacity, T the temperature, and ¢ the
time. In the heating DSC measurements, d T/dt is positive,
and the endothermic peak is equivalent to the maximum of
the heat capacity. In the cooling DSC measurement, d T'/dt
is negative, and the exothermic peak is again equivalent to
the maximum of the heat capacity. It is generally recog-
nized that an endothermic peak appears when the system
changes from the ordered state to the disordered state such
as the melting of crystals or the transition from gel to sol or
gelatinization of starch, whilst an exothermic peak appears
when the system changes from the disordered state to
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Fig. 12 Gelation process of 15% (w/v) soybean f-conglycinin soiu-
tion at pH 7.6. The solution was heated at 80°C for 30 min
( = 1800 s), and then cooled to 20 °C at 2 °C/min, and heated again to
80°C at the same rate

ordered state such as crystallization or gel formation or
retrogradation of starch. The DSC pan should be hermeti-
cally sealed to avoid the leakage of water or other volatile
ingredients. Scan rate should be as slow as possible to
approach the equilibrium. The scan rate dependence can
be analyzed by methods proposed to understand the kinet-
ics [71].

A zipper model approach was proposed to understand
the thermo-reversible gel—sol transition [72]. According to
this approach, a gel is assumed to consist of zippers and
each single zipper consists of N parallel links which are
secondary weak bonds such as hydrogen bonds. The dis-

Fig. 13 Heating DSC curves of 2.0 wt% agarose gels with and with-
out sucrose. Scan rate, 2 °C/min. Dotted curves represent the cal-
culated curves using Eq. (3). The bonding energy is fixed as 2000k.
The number of zippers .+ per gram of a gel and the rotational
freedom of links G are determined from the curve fitting, and are
shown beside each curve

solution of gels can be simulated as an opening process of
molecular zippers from both ends. Assuming the bonding
energy ¢ required to open a link is the same for all the links,
and that each open link can take G orientations, i.e. the
open state of a link is G-fold degenerate, corresponding
to the rotational freedom of a link, the heat capacity of
the system can be represented by these structural para-
meters [72]:

C/k = [In(G/x)]* {2x/(1 — x)?
+ NN + D)X =X + (N + )x — N/
[1 —(N+ 1D)xV + NxV 172, (3)

where x = Gexp(—¢/kT), and k is Boltzmann constant.
Figure 13 shows the heating DSC curves of agarose
gels with and without sucrose [73]. Sucrose shifted the
endothermic peak to higher temperatures, which should be
attributed to one or both of the following two possibilities:
(1) sucrose immobilises water molecules and the effective
water content in the gel decreases with increasing sucrose
concentration, so that the effective concentration of agar-
ose increases, (ii) sucrose molecules interact directly with
agarose molecules and promote the formation and ag-
gregation of helices which play a role of knots for the
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network formation. Assuming the number of links N
which constitute a single zipper is proportional to the
molecular weight of a junction zone, which is determined
from a modified theory of rubber elasticity [74], the num-
ber of zippers and the rotational freedom of links were
determined. From this zipper model approach, it was
suggested that the number of parallel links constituting
a single zipper decreases whilst the number of zippers
increases with increasing concentration of sucrose; as a
result, the number of elastically active chains increases but
each chain becomes shorter by the addition of sucrose.
Then, the molecular movement of the chains are restricted
leading to the lower values of the rotational freedom.
Figure 14 shows heating DSC curves of methyl cellu-
lose solutions of various concentrations [9]. As was shown
in Fig. 3, the gelation begins to occur earlier for higher
molecular weight fractions than for lower molecular
weight fractions. A similar situation is also recognized for
changing concentrations, i.e. the solutions of higher con-
centrations have a greater tendency to form a gel than
those of lower concentrations, therefore, a concentrated
solution showed an endothermic peak accompanying gel
formation at a lower temperature than dilute solutions.
The cooling DSC curves split into two peaks. Haque and
Morris [7] also observed the same phenomenon, and
interpreted that the gel—sol transition occurs in two steps.
However, it was suggested that it could be also induced by
the polydispersity of the samples according to the GPC
analysis: the higher molecular weight fraction has a stronger
tendency to form a gel than the lower molecular weight
fractions [9], as mentioned above for Fig. 3. The apparent
two step gelation process may be also induced by the
gelation at a lower temperature by a higher molecular

TEMPERATURE/C

weight fraction and then followed by the gelation at a higher
temperature by a lower molecular weight fraction. This
should be studied immediately using monodisperse samples.

Figure 15 shows DSC heating curves of aqueous solu-
tions of gellan gum of various concentrations [28]. An
endothermic peak shifted to higher temperatures up to 3%
with increasing concentration of gellan gum and it split
into multiple peaks above 3.2%. The endothermic peak
temperature of a 1% solution coincides with the coil-helix
transition temperature which was observed by thermal
scanning rheology and circular dichroism at the same scan
rate (Fig. 10). The concentration of the solution above
which the DSC heating curves began to split into multiple
peaks coincided with that above which the remarkable
thermal hysteresis began to appear [28]. The appearance
of multiple endothermic peaks in heating DSC curves
should be attributed to the presence of various kinds of
junction zones with different thermal stabilities; this may
be induced by the difference in bonding energies or/and in
the degrees of rotational freedom and/or in the number of
parallel links in the zipper model approach. The difference
of enhancing the structural formation by monovalent and
divalent cations appears clearly in cooling DSC curves
which are observed from 100, 90, 80 and 70 °C (the temper-
ature to which the solution was heated) for gellan gum
solutions; the size of the exothermic peak was not in-
fluenced for solutions containing monovalent cations
whilst it decreased with decreasing temperature to which
the temperature was raised, indicating that the structure
formed in the presence of divalent cations is far more heat
resistant than that formed in the presence of monovalent
cations [28]. However, this structure seems to be
destroyed when the solution was heated to 110°C, and
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the possibility of the formation of ionic bonds by divalent
cations may be excluded [30].

Effects of glucose on the gel-sol transition of gellan
gum was examined [ 75]. A small amount of glucose shifted
the endothermic peak temperature to lower temperatures,
and further addition shifted it to higher temperatures
(Fig. 16). The reason why a small amount of glucose shif-
ted the endothermic peak temperature to lower temper-
atures is not clear at present. The zipper model approach
was applied again to understand the effect of glucose on
the gel-sol transition of gellan gum, and it was suggested
that the addition of glucose increases the number of elasti-
cally active network chains, which is induced by the in-
crease in the number of zippers, and at the same time the
rotational degrees of freedom decrease because the mo-
lecular motion is hindered.

Tanaka and Nishinari recently proposed a new
method to determine the structure of junction zones based
on the lattice-theoretical description of network forming
solutions [ 76]. According to this treatment, the concentra-
tion c*, the gel-sol transition temperature T, and the

g
molecular weight M are related to each other by

Inc* = {e/kT —In M/(s — 1) + const. , 4

where { is the number of sequential units on a chain
participating in a network junction, s the junction multi-
plicity, i.e. the number of chains combined to a single
Jjunction, k the Boltzmann constant, ¢ the bonding energy,
i.e. the enthalpy change for binding a single repeat unit
into the network junction. Figure 17 shows the plot of
In c* against 10°/T,, + In M for poly(vinyl alcohol) (PVA)
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Fig. 16 Heating DSC curves of 1 wt% gellan gum solutions with and
without glucose (solid curves) and the best fitted calculated curves
(dot-and-line curves) using Eq. (3)

gels prepared from freeze-thaw cycles [77], where T, is
taken as an endothermic peak temperature in a heating
DSC curve. PVA gels prepared by freezing processes are
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Fig. 17 Tanaka plot for PVA gels with different degrees of poly-
merization. Dotted transverse lines are isothermal lines connecting
the following symbols: (A) T =364 K; (@) 360 K; (&) 356 K; (C)
351 K; (A) 347 K; (O) 344 K. Solid longitudinal lines from left to
right: DP = 470, DP = 1700, DP = 4800, DP = 8000, DP = 12 600,
DP = 17900

expected to be a possible new material in the biomedical
field, stimulating many investigations [78-81]. The slope
—B of the dotted line at constant T gives —1/(s — 1),
whilst the slope — A of the solid line at constant M gives
{ = 10%/kA/e. The value of —B ranges from 2.0 to 3.4,
whilst — A is about 11.8 irrespective of molecular weight
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Fig. 18 Cooling DSC curves of 2 wt% curdlan aqueous dispersions
kept at various temperatures for 60 min. Cooling rate, 1 *C/min. The
numbers beside each curve represent the temperature in “C at which
the dispersion was kept

M = 44 x DP, where DP is the degree of polymerization.
Then, the junction multiplicity s was estimated to be 2-3,
and the number of sequential units along the chain { was
120-124 assuming that ¢ = 100k—500k.

Endothermic peaks appeared in heating DSC curves
for curdlan dispersions, and exothermic peaks appeared in

Fig. 19 The degree of thermo- 10%
irreversible gelation dG for
a 10 wt% aqueous dispersion of
curdlan as a function of heating 1.0 #
temperature (sce the text) 0.9 “
0.8
0.7 F
0.6
> 05 F
<
0.4 r
0.3
0.2 -
0.1
0.0
40 50 60 70 80 g0 100 110 120

T/ °C
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cooling DSC curves. Even after the temperature was raised
above 80 °C, however, the cooling DSC curves still showed
double exothermic peaks as shown in Fig. 18, which
seemed contradictory to the assertion that curdlan disper-
sions form a thermo-irreversible gel when heated above
80°C [59,60]. Figure 19 shows the degree of thermo-irre-
versible gelation dG which is defined as

dG =1 — AH,4/AH, (5)

for 10% aqueous dispersion of curdlan, where AH , 1s the
endothermic enthalpy determined from the endothermic
peak in the second DSC heating curve for a curdlan

aqueous dispersion kept at temperature T for 60 min, and
4H, is the endothermic enthalpy in the first heating curve.
If gels formed by heating are completely thermo-irrevers-
ible, no endothermic peak should appear in the second
DSC heating curve and in this case dG = 1. On the
contrary, if gels are completely thermo-reversible the
second run heating DSC curve will give exactly the same
endothermic enthalpy, and then dG = 0. How fast dG
increases with increasing heating temperature should de-
pend on molecular weight and concentration of curdlan,
and this should be explored in the future.
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