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The sol-gel transition in aqueous gellan gum solutions induced upon cooling was investi-
gated by rheology measurements. The gelation temperature was determined from the
crossover point of storage and loss moduli, i.e., G’ = G” (T.) and from the Winter’s criterion
(Tger), respectively, which increased with gellan concentration. T was higher than T, and
the difference became larger as the gellan concentration got higher. The relaxation critical
exponent n was estimated with the Winter’s method and the self-similarity was observed
from the critical gel. The scaling for the zero-shear viscosity 17, before the gel point and the
equilibrium modulus G, after the gel point was established against the relative distance ¢
from the gel point over the gellan concentration Cg of 1.0-2.5 wt%, giving the critical expo-
nents k and z. The critical exponent n calculated from k and z agrees well with n from the
Winter's criterion. However, no universal n was found for the gelation in aqueous gellan
gum solutions, indicating that this gelation should be classified into the cross-linking cat-
egory for the physical gelation. The critical exponent n decreased with increasing Cg for the
gellan gum solution. The fractal dimension d; calculated from n with the screened hydro-
dynamic interaction and the excluded volume effect suggested a denser structure in the
critical gel with higher Cg.
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1. Introduction polysaccharide gels, the gellan gel is resistant to heat and

its strength is less pH dependent [5]. Gellan gum hydrogel

Gellan gum is a microbial polysaccharide produced by
fermentation of the organism Pseudomonas elodea and
composed of tetrasaccharide repeating units: 1,3--p-glu-
cose, 1,4-B-p-glucuronic acid, 1,4-B-b-glucose, and 1,4-o-
t-rhamnose [1,2] as shown in Fig. 1. Native gellan contains
a substitution of an r-glycerate group at C, and a partial
substitution of an acetate group at Cg of 1,3-B-p-glucose.
The commercial gellan gum product has been completely
de-esterified by alkali treatment [3] and the deacetylated
gellan gum has lower sol-gel transition temperature and
stronger gel strength compared with the native one
[4-6]. With the presence of cations, aqueous gellan gum
solutions transfer into hydrogels with decreasing tempera-
ture at very low concentrations. By comparing with other
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at very low concentrations can provide an abundant gel
textures by carefully controlling the added salts [7]. The
gelation temperature and gel strength depend on the poly-
mer concentration, cation species and content. Divalent
cations induce the gelation much more effectively than
monovalent ones. Therefore, gellan gum has been popu-
larly used in food industry as a thickening agent [8-10].
Moreover, gellan gum is one of the most potential in-situ
gelling polymers in human body and widely adapted in
the biomedicine technology, such as drug delivery vehicles
and protein immobilization media [11-13]. For an exam-
ple, a commercial deacetylated gellan gum has been
granted regulatory approval as a pharmaceutical excipient
and in a controlled release glaucoma formulation [11].
Because many applications of the gellan gum concern
its gelation in aqueous solutions, the gelation process has
been intensively investigated up to now. Rheology
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Fig. 1. Chemical structure of gellen gum repeat unit.

method is a convenient way to monitor the gelation pro-
cess and to determine the gel point for the viscoelastic
properties change drastically over the gel point to show
the mechanics change from liquid to solid. Some
researchers employed the crossover point of the storage
modulus G’ and loss modulus G” (i.e., G'=G") to define
the gelation point T., while the temperature where G’ in-
creased steeply was coil-helix transition temperature Ty
[14-16]. Circular dichroism (CD) spectrum was used to
detect the gellan chain conformation from single coil to
double helix during gelation as shown by the molar
ellipticity from the peak at about 201 nm ([0]x01) [17-
19]. Based on a single coil-double helix equilibrium mod-
el [20], the double helix content was estimated from the
CD results [19]. The exothermic peak in differential scan-
ning calorimetry (DSC) at the cooling curve and the
endothermic peak at the heating curve were observed
for the coil to helix and helix to coil transition, respec-
tively, [21-23]. Miyoshi and Nishinari found that the
T values determined by rheology and DSC were almost
identical and proposed a phase diagram for aqueous gel-
lan gum solutions with and without cations [14].

The signal intensity in spin echo and the spin-spin
relaxation time T, of nuclear magnetic resonance (NMR)
were used to monitor the gellan chain mobility during
sol-gel transition [24-26]. Matsukawa and Watanabe ob-
served the gelation process in low-acyl (LA) gellan, high-
acyl (HA) gellan solutions and the mixed solution of LA
and HA gellan (0.5 wt% each) with rheology, CD and NMR
methods [26]. They found that the CD spectrum of the
mixed gellan solution was a superposition of those for
the HA and LA gellan solutions. During cooling, 1 wt% of
the HA gellan solution and the mixed gellan solution
showed almost the same Tg. They suggested that the dou-
ble helix only formed with the same kind of gellan chains
in the mixed solution.

Besides, fluorescence [27,28], dynamic light scattering
(DLS) [29], atomic force microscope (AFM) [30], and small
angle X-ray scattering (SAXS) [31,32], etc. were also
adopted to study the gelation process of gellan gum in
aqueous solutions. Horinaka et al. observed the change in
fluorescence anisotropy ratio during the sol-gel transition
for a FITC-labeled gellan sample, which reflected the chain
mobility change, and discussed the influence of tempera-
ture, concentrations of gellan and added salts [28].
Okamoto and Kubota determined the gel point by the
quantitative change in the profile of correlation function
of DLS and obtained the critical exponents y and v corre-
sponding to the cluster mass and correlation length,
respectively, [29]. Morris et al. observed the surface struc-
ture of gellan gels with an AFM and provided a fibrous

model for the gellan gel [30]. Yuguchi et al. tested the tem-
perature dependence of SAXS profile of the gellen gum
solution with various concentrations and evaluated the
cross-sectional radius of gyration Rg [32]. At low concen-
trations where no gelation took place, R increased to a
value corresponding to the double helix during cooling.
In contrast, a much larger R . was estimated at higher con-
centrations where gel was formed, suggesting the associa-
tion of the double-helices.

Up to now, however, only a few studies concerned the
critical behavior of the sol-gel transition in the aqueous
gellan solutions. This gelation process is generally consid-
ered to consist of two steps and thermoreversible [18,33].
The first step is the conformation change from random coil
to double helix and then the double-helices aggregate to-
gether to form junction zones in the second step, eventu-
ally resulting in the gelation in concentrated aqueous
gellan solutions. The gel point becomes a very important
reference state for discussing the structure and behavior
of different gellan gum gels. The problem is, however, that
making “critical gel” measurements on physically gelling
systems is intrinsically very difficult.

The sol-gel transition is a very common phenomenon in
the nature and is one of the most important processes in
food manufacture, polymer processing. Winter and Cham-
bon [34,35] found experimentally that at the gel point the
storage and loss moduli G and G” exhibited the same
power law dependence on the angular frequency w as
G' ~ G’ ~ " Thus, the relaxation modulus G(t) became
G(t) =St ™. Here, S was the gel strength and n the relaxation
critical exponent. With the Kramers-Kronig relation, tan-
gent of the loss angle tans was derived as

tané = tan (%) (1)

This relation suggests an interpolation method to deter-
mine the gel point actually, i.e., @ independency of tans
provides the gel point and the relaxation critical exponent
n.

Whether the critical exponent n is universal or depend-
ing on the structure details of the system is still a problem,
which is significant for describing and predicting this kind
of phase transition theoretically. It seems that the gelation
induced by chemical cross-linkers follows the universal
prediction fairly well [36-39]. As for the physical gelation,
the universality sometimes is broken because of the tran-
sient nature of the physical cross-linkers formed by inter-
molecular interactions, which makes it difficult either to
describe the critical phenomenon in the framework of
present gelation theories or to determine the gel point
unambiguously.
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In this research, the sol-gel transition of deacetylated
K-type gellan gum (Gelrite®), which is the most popular
product of gellan gum used in the food and biomedical
industries, was investigated and the gel point was deter-
mined with rheology methods. Moreover, the universality
of the critical exponents for this sol-gel transition and
the fractal dimension of the critical gel were discussed to
further understand the gel structure of gellan gum.

2. Experimental section
2.1. Gellan gum sample

Deacetylated potassium-type gellan gum (Gelrite®)
sample was purchased from Sigma and purified as follows:
The aqueous solution of ~2.5 wt% gellan gum was first dia-
lyzed against distilled water at 70 °C using a cellulose
tubular membrane until conductivity of the water outside
became constant before and after refreshing. Then, the
solution was filtered and freeze-dried to produce purified
dry sample. Metal ion content in the gellan sample was de-
tected by atomic absorption spectrum and the data were
listed in Table 1. The aqueous gellan gum solution was pre-
pared in the same way as that described by Matsukawa
et al [25]. The powdered gellan gum was mixed with
deionized water and stirred at room temperature over-
night to homogenize the suspension. Then, the homoge-
neous suspension was heated to 70 °C and stirred for 2 h
and at 90 °C for 1 h for complete dissolution. Finally, com-
pletely homogenized gellan gum solution was directly put
into an incubator at preset-temperature to achieve equilib-
rium at the specified temperature.

2.2. Rheology measurements

The rheology measurement was conducted to deter-
mine the gel point with a strain-controlled ARES-RFS rhe-
ometer with different fixtures, including parallel plates of
25 and 50 mm diameters and a cone-plate of 50 mm diam-
eter with the cone angle of 0.04 rad. Temperature was con-
trolled by a Peltier plate at the accuracy of £0.05 °C. Strain
sweep was conducted first at several temperatures cover-
ing solution and gel phases with parallel plates of 1 mm
gap to determine the linear viscoelastic region at 1 rad/s.
The gellan gum solution at 90 °C was directly poured into
the preheated test fixture at 55 °C and then cooled to de-
sired temperatures. For temperature sweep test, the strain
was appropriately changed manually in the range from
10% for the solution phase down to 0.1% for the gel phase
to ensure the measurement within the linear viscoelastic-
ity region. The cooling rate was 1 °C/min and the angular
frequency was 1 rad/s. Frequency sweep at fixed tempera-
ture was also carried out within the linear viscoelaticity
region to determine the gel point. The dynamic viscoelastic

Table 1

Metal ion contents in gellan gum sample.

Metal ion K Na Ca Mg
Content/wt% 0.22 0.063 0.029 0.0025

spectra were measured within the linear region over the
angular frequency w from 102 to 10 rad/s. For the sam-
ples before the gel point, the shear rate dependence of vis-
cosity n was measured at desired temperatures to
determine the zero-shearing viscosity.

3. Results and discussion
3.1. Determination of gel point by rheology methods

We determined the gel point (i.e., gelation temperature)
for the sol-gel transition in gellan gum solutions of differ-
ent concentrations by rheology method proposed by Win-
ter and Chambon [34,35]. Fig. 2 depicts the temperature
dependence of the storage modulus G’ and loss modulus
G’ determined during temperature sweep on cooling at
1 °C/min for the aqueous gellan gum solution at indicated
concentrations Cg. These curves demonstrate the sol-gel
transition at moderate temperatures varying with the solu-
tion concentration. At high temperature, both ¢’ and G” are
almost constant and G’ is always lower than G”, indicating
a viscoelastic fluid for the solution within this temperature
range. At low temperature, on the other hand, the values of
G’ and G” are also constant but G’ is higher than G”, except
for the solution of 0.5 wt%, implying a solid viscoelasticity.
Within the transition range, G’ and G evidently increase
with decreasing temperature and G’ starts to exceed G”
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Fig. 2. Temperature dependence of storage modulus G’ (solid symbol)
and loss modulus G” (open symbol) for aqueous gellan gum solutions
with indicated concentration Cg. The data were vertically shifted by a
factor of 10? with given a value to avoid overlapping.
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at a certain temperature. The change in G’ during cooling is
much larger than that in G”, suggesting that the elasticity
would become predominant in the gellan gum solution
upon cooing. The above facts mean that the solution
changes to an elastic gel with solid-like mechanic proper-
ties. As for the solution of 0.5 wt%, though G’ is always low-
er than G”, a steep rise in G’ and G” is still recognized
within 5 °C range.

When the temperature where G’ equals to G” is taken as
the critical gelation temperature T, as described in some
literature [14-16], T, values for the gellan gum solution
of different Cg are listed in Table 2. For the solutions of
Cg > 1.0 wt%, T. becomes higher with increasing concen-
tration. At the same time, the dynamic modulus at T.
increases slightly with gellan concentration at the magni-
tude of 0.13 ~ 0.64 Pa. Because the gel network is formed
through aggregation of the double-helices of gellan gum
chains upon cooling [33] and is easier to spread over the
whole solution at higher concentrations. In the solution
of 0.5 wt%, the formed helix aggregation is not strong en-
ough to resist the deformation strain with elastic
contribution.

Figs. 3-6 show the angular frequency @ dependence of
the dynamic moduli for 1.0, 1.5, 2.0 and 2.5 wt% of aqueous
gellan gum solutions at indicated temperatures. The data
were vertically shifted by a factor of 10 to avoid overlap-
ping. Some G values at high temperatures scattered
since the torque at low frequency for the sol phase was
below the instrument sensitivity. Commonly, at high tem-
peratures, G' and G’ are proportional to ®'*%16° and
%96-098 respectively, and G” is always higher than G’ in
the low frequency range without any plateau appearing
in the G’ vs w curve. These are the typical characteristics
of a viscoelastic polymer fluid without network structure
according to the Rouse-Zimm theory [40]. As temperature
is decreased, the storage modulus G’ becomes higher than
the loss modulus G” and a plateau in the G’ vs @ curve
starts to appear in low frequency range, indicating the
formation of network. With the increasing gellan gum con-
centration, the gelation temperature becomes higher. As
known from Figs. 3-6, the gelation temperature is about
33 ~ 34 °C for 1.0 wt%, 39 ~ 40 °C for 1.5 wt%, 45 ~ 47 °C
for 2.0 wt% and 55 ~ 56 °C for 2.5 wt% of gellan gum solu-
tions, respectively.

From Figs. 3-6 we can see that the crossover point of
G’ = G" used to determine the critical gelation temperature
T, in the temperature sweep measurement appears at dif-
ferent frequencies. Therefore, we determined the gel point
T,e for the gellan gum aqueous solution according to the
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Fig. 3. Angular frequency @ dependence of storage modulus G’ (solid
symbol) and loss modulus G” (open symbol) for gellan gum solution of
Cg = 1.0 wt% at indicated temperature. The data were vertically shifted by
a factor of 10? with given a value to avoid overlapping.

Winter’s criterion of tané = tan(nzn/2) using the interpola-
tion method. Fig. 7, taken the solution of 1.0 wt% as an
example, demonstrates this interpolation for the tempera-
ture T,e from the data in Fig. 3 where tano is independent
of frequency. In this way, we determined the gel point Tge
and critical exponent n of relaxation modulus precisely for
the sol-gel transition in the gellan gum solutions. The
results are summarized in Table 2. The uncertainty in the
n value came from determination of the intersecting point
from the tané vs T curve. Consequently, the Winter's crite-
rion is available for the gelation in aqueous gellan gum
solutions during cooling and the self-similarity is found
in the gellan gum critical gel structure.

Tger in Table 2, like T, increases with increasing gellan
gum concentration in consistent with the transition of

Table 2

Critical exponents for sol-gel transition in aqueous gellan gum solutions.

Concentration/wt% T./°C Tger/°C n? k z n®

0.5 <5 = = = = =

1.0 28.6 33.1 0.77 £ 0.002 0.51 +0.06 1.72+£0.11 0.76 + 0.04
1.5 34.6 394 0.53 +0.001 1.02+0.14 1.24+0.23 0.55 +0.07
2.0 38.0 45.6 0.43 +0.001 1.74+0.14 1.48£0.12 0.46 + 0.04
2.5 44.6 55.3 0.38 +0.001 2.18+0.04 1.43+0.11 0.40 £ 0.02

2 The critical exponent according to the Winter's criterion.
b The critical exponent calculated from n =z/(z + k).
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single coil to double helix further to aggregate helices.
However, the former is always higher than the latter and
this difference becomes larger at higher concentrations.
For an example, the difference of Tge from T for 1 wt%
solution is 4.5 °C, this is enlarged to 10.7 °C for 2.5 wt%
solution. This will be discussed later.

3.2. Concentration Dependence of Critical Exponents and
Fractal Dimension

Fig. 8 illustrates gellan gum concentration dependence
of the critical gelation temperature T, and Tg obtained
from different methods. The fact that T, is always higher
than T. at the same concentration indicates that the
G ~ G ~ »" appears at more initial stage (higher temper-
ature) than G’ = G”. The latter is a special case as mentioned
by Winter et al. and G’ = G’ may be only available at a cer-
tain frequency [41]. One can image according to Figs. 3-6
that there should be a temperature where the G’ ~ w curve
crosses over the G’ ~ w curve. The cooling rate of 1 °C/min
used in the temperature sweep test may be fast and time
lag effect on the gelation may exist. It is worth noticing
that the Winter’s criterion is based on the observation that
no characteristic time scale exists for the critical gel; but
the intersection of G’ and G” curves will relate to the test-
ing time (i.e., frequency).

Therefore, we adopted T, as the gel point in the follow-
ing discussion. From data in Table 2, we found that the crit-
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Fig. 5. Angular frequency w dependence of storage modulus G’ (solid
symbol) and loss modulus G” (open symbol) for gellan gum solution of
Cg = 2.0 wt% at indicated temperature. The data were vertically shifted by
a factor of 10* with given a value to avoid overlapping.

ical exponent n decreased with increasing concentration
Cg. There is no universal n for the gelation in aqueous gel-
lan gum solutions even at such low concentrations.
According to our category for the physical gelation [42],
the present gelation should be classified into the cross-
linking, in which the network junction occurs on existing
macromolecules, not following the random percolation
prediction.

In the vicinity of the gel point, the zero-shear viscosity
1o and the equilibrium shear modulus G. follow the
power laws of the relative distance & from the critical
point as 7y~ & and G, ~ &%, where ¢=|p — p|/pc [43].
Here, k and z are the critical exponents for viscosity
and modulus, respectively, and p is the actual cross-link-
ing probability and p. is p at the critical gel point. 7o is
expected to diverge when ¢ — 0. If the gelation occurs
in a completely random way, the critical exponent n, k,
and z are expected to be universal and independent of
the system details [39].

The shear viscosity # for the aqueous gellan gum solu-
tions at temperatures slightly beyond the gel point Tge
was measured at different shear rates to evaluate the
zero-shear viscosity #o. 7o was plotted against ¢ in Fig. 9
for four concentrations of the gellan gum solution, where
the relative distance to the critical gel point was approxi-
mated with T to replace p as &=|T — Tgell/Tger [44]. The
equilibrium modulus G. was estimated from the plateau
value of storage modulus G’ at temperatures slightly below
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Tgel and plotted against ¢ in Fig. 10. Ross-Murphy argued
that the critical exponents depended on the ¢ range and
suggested a suitable interval of 0.01 <&¢<0.1 [45]. The ¢
in the present work was restricted in the range of
0.01 < &<0.1 as seen from Figs. 9 and 10 and the exponents
k and z were evaluated from the slope and listed in Table 2.

60

55 -

50 - T /

:: / — "
./
o1

T/°C

30 +

25

Fig. 8. Concentration dependence of T. and Tg, for the gelation in
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The relaxation critical exponent n can be also calculated
from the exponents z and k as n=z/(z+k) [46] and the
calculated n values are listed in Table 2 for comparison.
As expected, the n calculated from k and z agrees fairly well
with the corresponding n determined by the Winter’s crite-
rion, indicating the self-similar structure existing in the
critical gel formed by gellan gum chains in water. How-
ever, this calculated n, as well as k and z, also varies with
concentration of the gellan gum solutions, no universal
exponents are established for the present polysaccharide
solution.

There are several theoretical models proposed to
describe cross-linked polymers at the gel point. The Rouse
limit without hydrodynamic interaction gives n =0.66,
z=2.7 and k=1.35, the Zimm limit with hydrodynamic
interaction gives n=1, z=2.7, and k=0, and the percola-
tion analogue to the electrical network predicts n=0.71,
z=1.94, and k = 0.75 [46]. A lot of experiments have been
performed on various gelation systems and typically ob-
served value for k is between 0.7 and 1.7 and the z value
is 1.8 ~ 3.0 [38,47-50]. For the physical gelation, n varies
from 0.11 to 0.8 [51-53]. The concentration dependence
of the relaxation critical exponent n in Table 2 cannot be
described by any available theories because all of them
lead to constant critical exponents.

In order to reveal further the structure of the critical gel,
we related the critical exponents to the fractal dimension.
Based on the fractal analysis of the critical gel, several rela-
tions between the critical exponent n and the fractal
dimension dr have been proposed. Muthukumar derived a
theoretical expression for the frequency dependence of
the complex viscosity in terms of the arbitrary fractal
dimension of the molecular cluster [54]. Then, Muthuku-
mar and Winter proposed a relation between the critical
exponent n and the fractal dimension df with complete
screen of the excluded volume [55,56]. Muthukumar fur-
ther investigated the cross-linking process for polydisperse
systems using a hyperscaling relation from the percolation
theory [57]. When hydrodynamic interaction is completely
screened out and the excluded volume effect is dominant
in the cluster,

d
=43 (2)
If the hydrodynamic interaction as well as the excluded
volume effect can be screened out completely, n is ex-
pressed by
d d(d +2 - 2dy)
n=-— = 3
G2 2@T2-dy )

where d; is the fractal dimension of the gel network where
the excluded volume effect is fully screened and d is the
space dimension. If only partial screening exists, the fractal
dimension takes a value in between dr and d;. According to
this theory, a looser structure will lead to a lower value of
dr and a higher value of n.

We have calculated dr from n for the present critical gels
using Egs. (2) and (3) and plotted in Fig. 11 as a function of
the gellan gum concentration Cg. The unreasonable values
of df higher than three was obtained from Eq. (2)

6
5 -
Eq. 2
4
o /
3 -
Eq. 3
2 - ——"
l/
1 T T T T
0.5 1.0 1.5 2.0 2.5 3.0
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Fig. 11. Concentration dependence of the fractal dimension df calculated
from n using Eqs. (2) and (3) for the critical gellan gum gel.

(Fig. 11) for the gellan gum, because df is not larger than
d when d < 3. This seems due to a reduction in the
excluded volume effect with increasing gellan gum con-
centration; because the chain excluded volume in dilute
polymer solutions decreases gradually to approach the
unperturbed state with increasing concentration. Conse-
quently, we rely our further discussion on the d; values
evaluated from Eq. (3). The d; value for the critical gel of
gellan gum is about two and slightly increases with
increasing Cg, indicating that the cluster space in the criti-
cal gellan gel is still loose and becomes more densely filled
at higher C,. We also reported a similar dr variation with
polysaccharide concentration for the critical gel of high
molecular weight alginate induced by calcium cation
[58]. This change in the structure of the critical gel can
be attributed to the increase in the double helix content
at higher concentration. The sol-gel transition in the gellan
gum solution is caused by random aggregation of the dou-
ble-helices, which are formed during the random coil-dou-
ble helix conformational transition at the gel temperature
[33]. Therefore, the double helix content will determine
the intermolecular aggregation probability and the fibrous
structure for the gellan gum network. Both temperature
and gellan gum concentration have been known to influ-
ence the helix content in gellan gum solutions [19]. At
the same temperature, the solution with higher C; has
more helix content, leading to more intensive aggregation
and denser critical gel. Owing to the narrow concentration
range available in the present experiments, the change in
ds for the critical gellan gum gel is quite limited.

4. Concluding remarks

The sol-gel transition in aqueous solutions of gellan
gum caused by random aggregation of double-helices
was investigated with rheology methods. The gel point Tge
and relaxation critical exponent n were determined using
the Winter’s criterion and the self-similar structure was
found in the critical gel. With increasing gellan gum
concentration C,, Tge increased and n decreased. This
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means that the concept of universal critical exponent fails
for this sol-gel transition because this gelation belongs to
the cross-linking mechanism, deviating from the original
hypothesis of the random percolation. The fractal dimen-
sion df estimated from n was about two and slightly
increased with C; when hydrodynamic interaction and ex-
cluded volume were ignored. The C; range was restricted
by that the solution with lower concentration cannot pro-
duce dynamic modulus high enough to be accurately
detected while the solution with higher concentration
has even high gelation temperature and high viscosity
causing difficulty in de-bubble from the sample before rhe-
ology measurement.
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