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Critical Exponents of Kappa Carrageenan
in the Coil-Helix and Helix-Coil Hysteresis Loops

OZLEM TARI,' SELIM KARA,> AND ONDER PEKCAN?

'Department of Physics, Istanbul Technical University, Maslak, Istanbul, Turkey
’Department of Physics, Trakya University, Edirne, Turkey
3Kadir Has University, Cibali, Istanbul, Turkey

The steady-state fluorescence technique was used to study coil-helix (sol-gel) and helix-
coil (gel-sol) transitions of the kappa carrageenan-water system with various car-
rageenan contents. Fluorescence (1) and scattered light (1) intensities were measured
against temperature to determine critical phase transition temperatures and exponents.
It was observed that the coil-helix transition temperatures, T, were much lower than
the helix-coil (Ty.) transition temperatures due to the hysteresis of the phase transition
loops. The gel fraction exponent () was measured and found to be in accord with the
classical Flory-Stockmayer model.

Keywords carrageenan, critical exponent, fluorescence, hysteresis, transition temper-
ature

Introduction

Carrageenans are electrolytic polysaccharides containing ester sulphate groups. They are
copolymers of alternating 1,4-linked «-D-galactose and 1,3-linked B-D-galactose. They
are extracted from red seaweeds and come in three major types designated by means of
the Greek letters «, ¢, A. Carrageenans are used in the food, ceramic, paper, textile, and
pharmaceutical industries.!!’

In x-carrageenan gels, ionic interaction between SO, 3 groups and K™ ions together
with intra- and interchain hydrogen bonds give rise to helical structures. x-carrageenan
assumes a random coil conformation in the sol state, and low temperature induces twisting
of anhydro-galactose sequences into double helices. The gelation process of carrageenan
solutions has been described by two mechanisms. In the first mechanism, crosslinks are
formed by segments of the double helix. These segments are then aggregated by ions such
as K*.12I In the other mechanism, however, monohelices are formed that are subsequently
aggregated by K™ ions to dimers, trimers, and so on.!*!

Gelation of «-carrageenan has been investigated by a variety of techniques such as
small-angle neutron scattering,'*! rheology,~"! light scattering,’®! photon transmission,®!
fluorescence,®!% and small-angle x-ray scattering.['!"'?I The kinetics and equilibrium pro-
cesses of the sol-gel transitions of agar or agarose gels as well as the effect of gelation
conditions on gel’s microstructure and rheological properties have been studied in the past
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few years.!!3-151 It was observed that gelation of agar molecules results in a large sigmoidal
increase in the magnitude of the sol’s shear modulus.['®!7! On reheating, the gel structure
is destroyed and during the gel-sol transition, the shear modulus follows another sigmoidal
path back to its initial value, forming a hysteresis loop.'®! The observed values of the sol-gel
and gel-sol temperatures found in those studies are 36°C and 78°C, respectively. It was un-
derstood that the sol-gel (gelation) and gel-sol (liquefaction) temperatures can be affected
by agar concentration and the thermal history of the gel. More recently, sol-gel and gel-sol
hysteresis loops of k-carrageenan-water system were studied by using photon transmission
technique.!'” Time evolution of Raman and fluorescence spectra in heavy water and water
solutions of gelatin, also neutral, have been monitored during the sol-gel transition, where
tyrosine residues in the peptide chains were employed as the source of fluorescence.?’! A
similar technique as described above was used to study kinetics of helix formation during
gelation process of gelatin, in which the Flory-Stockmayer bond percolation model was
applied.?!! Critical exponents were measured during the gelation process in gelatin-water,
gelatin-heavy water, and agarose-water systems; it was observed that these systems obeyed
the percolation model.!??!

In this work, the coil-helix and helix-coil hysteresis loops of k—carrageenan at various
concentrations were studied using the fluorescence technique. Pyranine (P) (a derivative
of the pyrene molecule) was introduced as a fluorescence probe. Both scattered, I, and
fluorescence intensities, /, were monitored against temperature. The necessary correction
on the pyranine intensity due to the turbidity effect was made to produce the real phase
transition curves. Coil-helix and helix-coil transition temperatures were determined for
each curve of samples with various carrageenan concentrations. It was observed that T,
and Tj,. values increased with increasing carrageenan content. The gel fraction exponents,
B, in the hysteresis loops were found to be in accord with the classical Flory-Stockmayer
model during the thermal phase transitions. This theory predicts that helices and double
helices should form Cayley tree structures in the gel network.

Theoretical Considerations

Several models for the sol-gel transition have been proposed; most well known are the Flory-
Stockmayer theory,!>>?* and the percolation theory.!>>-?”] The Flory-Stockmayer theory,
which is also called the classical theory or kinetic theory, predicts one set of exponents,
whereas scaling theories based on lattice percolation predict different exponents. The two
groups of theories differ in their treatment of intramolecular loops, space dimensionality,
and excluded volume effects. Historically, the exact solution of the sol—gel transition was
given first by Flory and Stockmayer on a special lattice, called the Bethe lattice, on which
closed loops were ignored. The exponents y and B, for the weight average degree of
polymerization, DP,,, and the gel fraction G, both are equal to unity, independent of the
dimensionality in the Flory-Stockmayer model.

An alternative to this classical theory is the lattice percolation model, in which
monomers are thought to occupy the sites of a periodic lattice.”””?8! A bond between
these lattice sites is formed randomly with probability p. At a certain bond concentration,
D¢, defined as the percolation threshold, the infinite cluster is formed in the thermodynamic
limit. This is called the gel in polymer language. The polymeric system is in the sol state
below the critical conversion, p..

The predictions of the critical behavior of these two theories are different. The expo-
nents y and g for the weight average degree of polymerization, DP,,, and the gel fraction
G (average cluster size S,, and the strength of the infinite network P, in percolation
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language) near the gel point, are defined as

DP, « (pc —p)" )]
G« (p—p) 2)

where the Flory-Stockmayer theory gives 8 = 1 and y = 1, independent of the dimension-
ality, while the percolation studies (using series expansions or computer simulations) give
y and B around 1.80 and 0.41 in three dimensions.?728]

Experimental

Samples of k-carrageenan (Sigma C-1013) at concentrations that ranged from 1% to 5%
and pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt, Fluka 56360) were
prepared in distilled water by heating. These samples were named as C1, C2, C3, C4, and
C5, respectively. Pyranine concentration was taken as 2 x 10~* M for all samples. The
heated carrageenan sol was held at 80°C and was continuously stirred by a magnetic stirrer.
Then the sol was allowed to cool to room temperature. The compositions and the symbols
of the studied gels are listed in Table 1.

The fluorescence intensity measurements were carried out using a Varian Cary Eclipse
Fluorescence Spectrophotometer equipped with temperature controller. Pyranine was ex-
cited at 323 nm and emission was detected at 515 nm during in situ experiments. Variation
in the scattered and fluorescence emission intensity of the pyranine were monitored as a
function of temperature.

Coil-helix and helix-coil transitions paths were monitored ina 1 x 1 x 4.5 cm? glass
cell equipped with a heat reservoir. Before measurements, the sample was melted and then
cooled to ambient temperature so that the sample in the glass cell was distributed uniformly.
Then the k-carrageenan gel was reheated up to 85°C with a scan rate of 0.72°C/min to obtain
the helix-coil transition. Cooling of the carrageenan sol from 85°C to room temperature
was then performed at the same rate to detect the coil-helix transition. Both scattered, I,
and fluorescence intensities, I, were monitored against temperature.

Results and Discussion

Temperature variation of I, and I between 20°C to 85°C for the C3 and C4 gels are
shown in Figures 1(a) and (b) and 2(a) and (b), respectively. In both cases, I, increased

Table 1
The compositions, the symbols, coil-helix (7,;), and helix-coil (T},) transition temperatures
and the critical exponent, B, for the gels

Coil-helix transition Helix-coil transition
Carrageenan
Gels  content (Wt%) T., (°C) B The (°C) B
C1 1 279+0.5 0.905 £0.017 48.5+0.5 0.948 +0.008
C2 2 36.4+£0.5 0.884 £0.019 57.8£0.5 0.966 + 0.006
C3 3 42.14+0.5 0.859 £0.023 63.3+0.5 0.962 + 0.005
C4 4 48.24+0.5 0.918 £0.019 69.1 £0.5 0.941 £ 0.007
C5 5 52.34+0.5 0.886 £+ 0.024 72.8 £0.5 0.948 + 0.006
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Figure 1. Temperature variation of a) scattered, b) fluorescence, c) corrected fluorescence intensities
originating from C3 sample. The heating and cooling runs are represented by open and closed circles,
respectively.

upon cooling the carrageenan samples, indicating that the turbidity of the gel increased
considerably [Figs. 1(a) and 2(a)]. During cooling, double helices are formed through the
association of carrageenan molecules, then the double helices are aggregated to higher-
ordered assemblies to create a three-dimensional network. During gelation, carrageenan-
water system starts to decompose into two phases with different network concentrations,
which creates concentration fluctuations. In other words, double helix aggregates formed
a separate phase by excluding water from their domains. As a result, the contrast between
carrageenan and water phases can scatter light. On reheating, initially the double helix
aggregates are destroyed, then the double helices are decomposed to carrageenan coils and
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Figure 2. Temperature variation of a) scattered, b) fluorescence, c) corrected fluorescence intensities
originating from C4 sample. The heating and cooling runs are represented by open and closed circles,
respectively.

molecules, which results in the destruction of the gel structure. As the carrageenan-water
system becomes homogeneous, scattered light intensity decreases.

On the other hand, the fluorescence intensity, /, presented exactly the reverse behavior
compared to I [Figures 1(b) and 2(b)]. Here one expects to see the decrease in I at
high temperature, due to quenching of pyranine in the liquid-like medium. In order to
elaborate the above results, the observed fluorescence intensity, /, has to be corrected by
taking into account the behavior of the scattered light intensity to produce the real change
in the fluorescence intensity. Figures 1(c) and 2(c) present the corrected fluorescence
intensity, I.,,, obtained from the é, where I} is the intensity of the light source, and behaves

asﬁ. It is seen in Figures 1(c) and 2(c) that I, decreases with increasing temperature,
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Figure 3. The first derivative of /., versus temperature 7 for the samples a) C3 and b) C4. The peak
positions correspond to coil helix, 7., and helix coil, T}, transition temperatures.

obeying the expectations of fluorescence quenching in liquid medium (i.e., in a coil-rich
environment). As the temperature decreased, fluorescence intensity increased due to the
more solid medium formed by helices and dimers. Figures 1(c) and 2(c) present nice
hysteresis loops that need to be understood.

The coil-helix and helix-coil transition temperatures (7., and Tj.) were determined
from the peak positions of the first derivative of the I, curves. The plots of dj}”’ versus T
for the samples C3 and C4 are shown in Figures 3(a) and (b); the transition temperatures
are listed in Table 1 for all gel samples. It is known that the gelation process involves
the transformation of carrageenan molecules from coil to helical conformation and the
subsequent helix aggregation. Both the formation of the helices and helix aggregation occur
in a narrow temperature range, resulting in a sharp ddI—T peak. On the other hand, melting
a helical structure occurs in a broad temperature range. Figure 4 presents the behavior of
T.; and Tj,. temperatures versus the carrageenan content, where the increase in carrageenan
content resulted in an increase in T, and T}, values. In other words, for high carrageenan
content samples, the coil-helix and helix-coil transitions require higher temperatures. The
value of T}, is higher than that of T, in agreement with previous optical rotation?! and
differential scanning calorimetry (DSC)!>! results on kappa carrageenan. Lower T, values
compared to T}, temperature are the origin of the hysteresis behavior during coil-helix and
helix-coil transition loops. In other words, forming helices from the coils is energetically
more possible and occurs at lower temperatures; however, the disassociation of helices to
coils needs more energy, thus requires higher temperatures.
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Figure 4. The variation of the coil-helix (7,;) and helix-coil (7}.) transition temperatures versus
carrageenan content.

According to Stauffer, the conversion factor p determines the behavior of the gelation
process, where p may depend on the temperature.[>> It can be assumed that in the critical
region, i.e., around the critical point, p., that |p — p.| is linearly proportional to the |T — T|
where T, is T, and T}, for coil-helix and helix-coil transitions, respectively. For T < T,
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Figure 5. Double logarithmic plots of the data near the coil-helix transition for the samples a) C3
and b) C4. The solid lines are double logarithmic fit of Eq. (3).
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the corrected fluorescence intensity, /.,,, measures the gel fraction, G, and can be written
as a power law near the coil-helix and helix-coil transitions.

[Leor — Ienl = AT — TCh|ﬂ’ T — TCZ )
eor — Inel = BIT = TP, T — T, @)

where [, is the critical value of intensity at T, and I is the critical value of intensity at
Thc~

The double logarithmic plots of the data and their fits to Equations (3) and (4) are
presented in Figures 5 and 6, respectively. The slope of the straight lines produce critical
exponent § values, which are listed in Table 1. It is seen that the average 8 (0.922) values
are very close to the value of the classical Flory-Stockmayer model. In this study, the critical
region obeys the relation 102 < |Z-2¢| < 107!, in agreement with the literature.'>) Since
the formation of gel from helices and double helices should obey the classical Bethe lattice,
the connection of helices and doubles helices must be in the Cayley tree form. In Fig-
ure 7, a cartoon presentation of coil-helix and helix-coil transitions in accord with the
classical approach is given in which the formation of a Cayley tree is shown.
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Figure 6. Double logarithmic plots of the data near the helix-coil transition for the samples a) C3
and b) C4. The solid lines are double logarithmic fit of Eq. (4).
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Figure 7. Cartoon presentation of thermal phase transition accord with the classical approach where
the formation of Cayley tree is shown.

We can compare these results with the results produced in similar systems. The sol-gel
transition of the polysaccharide gellan gum has been investigated by the dynamic and static
light-scattering techniques.*°! The critical exponents, y and v, corresponding to the cluster
mass and correlation length, were measured and found to be 1.66 and 0.88, respectively,
which are in good agreement with the lattice percolation model. The critical exponents of
the elastic modulus ¢ and correlation length y were measured near the sol-gel transition
temperature of agarose gel, using a combination of rheolograph, differential scanning
calorimetry and circular dichroism spectroscopy techniques; these were found to be 0.8
and 1.87, respectively.?!! Critical behavior of k-carrageenan gels was studied using the
photon transmission method and the critical exponent 8 was found to range from 0.89 to
1.05, in accord with the classical Flory-Stockmayer theory.[3?

Conclusion

This article has shown that the gel fraction, G, for coil-helix and helix-coil transitions in
carrageenan systems obeyed the classical Flory-Stockmayer model, in which the critical
exponent was measured around 1.0. It is important to note that the behavior of both coil-
helix and helix-coil transitions are independent of the concentration of the «-carrageenan
system, i.e., the value of 8 does not change by raising the carrageenan content in the system.
In other words, all k-carrageenan systems under consideration were found to belong to the
same universality class.

The most important finding in this article is the hysteresis behavior of the back-and-
forth phase transitions, which occur at different energy regions.
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