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ABSTRACT: The dependence on salt composition of the coil—helix—aggregate transition of «-carrageenan
has been studied experimentally and theoretically. The transition enthalpy on cooling has been measured
by differential scanning calorimetry (DSC). The salt composition was varied systematically using mixtures
of the four salts NaCl, Nal, Csl, and CsCl, which includes both aggregating and nonaggregating conditions.
One anion or cation have been exchanged for another, keeping the total salt concentration at 0.1 M. An
electrostatic model, based on the nonlinear Poisson—Boltzmann equation solved in cylindrical symmetry,
was used to describe the specific binding of cesium and iodide ions to the «-carrageenan helix. This
modeling resulted in a semiquantitative description of the variation of the ion binding and the charge
density in the different salt mixtures. It was found that the model can reproduce the transition enthalpies
in the nonaggregated systems very well while in the aggregated systems the model predictions deviates
markedly from the experimental results. This deviation, interpreted as an aggregation enthalpy, varies
with the extent of thermal hysteresis. The hysteresis occurs only when the charge density is lower than
the charge density for the bare «-carrageenan helix (without bound ions). Another interesting observation
is that the width of the DSC peak obtained on heating increases drastically when the aggregation occurs.

Finally, the uniaxial gel strength was found to depend linearly on the extent of the hysteresis.

I. Introduction

k-Carrageenan is a linear sulfated polysaccharide,
which may be extracted from red seaweeds.!?2 The
backbone is based on a repeating disaccharide sequence
of g-p-galactopyranose residues linked through the 1, 3
position and a-galactopyranose residues linked through
the 1, 4 position (Figure 1). x-Carrageenan is well-
known for its gel forming properties and is used
extensively in the food industry as a gelling agent3.

The gelation mechanism of «-carrageenan is still
poorly understood. However it is agreed that gel
formation involves a conformational transition of the
carrageenan molecules according to the following
scheme: coil—helix—gel. This scheme provides various
mechanisms for gel formation. It is not specific for
k-carrageenan, but is commonly seen for helix forming
systems, including synthetic polymers.2 Gelation can
occur on the helical level, where branching and associa-
tion occurs through incomplete double helix formation.
Another possibility is on the superhelical level, where
the network is built up by aggregation of fully developed
helixes. A more complex model, where the network
formation is a combination of the two models above, is
also a possibility. The question on which level the
network formation takes place is complicated by the fact
that helix formation and gel formation occur simulta-
neously. It has been shown that certain salts containing
iodide prevent k-carrageenan gel formation but stabilize
the double helix.* This is in contrast to certain alkali
metal ions, such as cesium, potassium, and rubidium?
that promote both helix and gel formation. The origin
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Figure 1. ldeal repeating disaccharide unit for x-carrageenan.

of the above ion specificity has been attributed to
binding of the ions to the «x-carrageenan double helix
conformation®~8 but not to the coil.

The finding by Smidsrgd and Grasdalen of a good
solvent for k-carrageenan helixes indicates that it is
possible to alter the solvent conditions for x-carrageenan
by altering the salt composition. This strategy has been
used in a number of recent studies and new important
results regarding the behavior of «-carrageenan has
been found.®~*?2 It was shown that solutions of «-car-
rageenan helixes can be gelled isothermally and revers-
ibly by dialysis against gel inducing salts, such as KCI
or CsCL¥® This result indicates that gel formation
occurs at the superhelical level. Further in another
study?? on dilute solutions of degraded «-carrageenan
molecules in mixtures of sodium iodide and cesium
iodide, cryo-TEM micrographs showed the formation of
microfibers when a certain amount of cesium ions was
present. The occurrence of the microfibers correlated
well with the onset of thermal hysteresis in the confor-
mational transition and an increase in specific viscosity.
A rheological study on intact «-carrageenan chains at
higher concentration under the same salt conditions’?
correlated well with the findings in dilute solution.
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The aim of this paper is to distinguish and estimate
the enthalpy contribution from the specific ion-binding,
the nonelectrostatic interactions, and the formation of
aggregates in the x-carrageenan transition enthalpy,
which can be done by systematically utilizing the above-
mentioned ion specificity. Earlier calorimetric studies
on x-carrageenan®®~1° have been performed under widely
different ionic strengths and for some different types of
salt. However the ensemble of experimental evidence
is not sufficient to separate the different contributions
to the transition enthalpy and the reported enthalpies
show a very large variation. Our approach is to
exchange one ion (cation or anion) at a time, keeping
the total salt concentration constant at 0.1 M. We can
cover both aggregating and nonaggregating conditions
by using the following salt systems: NaCl — Nal — Csl
— CsCl — NaCl. The binding of specific cations and
anions to the x-carrageenan double helix has previously
been modeled by the Poisson—Boltzmann equation in
cylindrical symmetry2%21 and we have used the same
model to calculate the degree of ion binding in the above-
mentioned salt mixtures. From the modeling and the
experimental data, it is possible to estimate the contri-
bution from the aggregation to the transition enthalpy
and thereby get a clearer picture of the interplay
between ion binding and aggregation in the «-carrag-
eenan—salt system.

Il. Experimental Section

Materials. «-carrageenan (from Euchema cottonii) was a
gift from Sanofi Bio-Industries (France). The sample was
converted to the pure sodium form by pouring a hot carrag-
eenan solution through an ion-exchange column at elevated
temperature. The carrageenan solution was collected and
freeze-dried. The weight average molecular weight was
estimated to be ~350 000 by light scattering.??

Methods. Preparation of samples. The desired salt
compositions were prepared by mixing the two different salts
and adding distilled water. Freeze-dried «-carrageenan (so-
dium form) was dissolved in the appropriate electrolyte
solution by heating to at least 80 °C for about 30 min to obtain
a true solution. A 0.5% w/w solution of sodium «-carrageenan
contains approximately 12 mM Na*. The contribution from
the counterions has been neglected in the presentation of
experimental data (but not in the Poisson—Boltzmann analy-
sis), and only the salt content of the solvent is quoted.

Differential Scanning Calorimetry Measurements.
The calorimetric data were collected using a SETARAM
(France) C 80 calorimeter, and the data processing was
performed using a HP 86. An accurate weight of solution was
transferred into the DSC cell. An exact equivalent weight of
pure solvent was also weighed into the reference cell. After
the sample and solvent cell had been introduced into the
calorimeter they were initially heated to 80 °C and allowed to
equilibrate for 30 min. A program cycle was followed in which
the sample was cooled to 5—30 °C (depending on the sample)
at 0.3 °C/min, maintained at this low temperature for 30 min,
followed by heating back to 80 °C. We chose the above scan
rate to compare transition temperatures and thermal hyster-
esis with a previous optical rotation study of x-carrageenan
in Nal/Csl mixtures.!! A few samples were also analyzed at
a scan rate of 0.5 °C/min, which gave the same result as the
lower scan rate.

Texture Analyzer. A Stevens-LFRA texture analyzer was
used to collect the uniaxial gel strength data using a 10 mm
probe at a speed of 0.2 mm/s. The samples were prepared as
described above and then left standing at room temperature
to cool. No difference between samples standing from 2 to 24
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h could be observed using this technique. The maximum
pressure before the gel broke was defined as Fmax.

11l. Theoretical Model

The effects of ions on the conformation and association
of macromolecules can be classified into three categories:
23 (1) general electrostatic effects (if the macromolecule
is charged), 2) general ion-specific effects that do not
depend on the particular macromolecular association/
conformation (also called “lyotropic” or “Hofmeister”
effects), and (3) site binding, which depends on the
detailed structure of the macromolecule.

The general electrostatic effects, which are for ex-
ample responsible for the enrichment of counterions
outside any charged surface, can often be described by
the Poisson—Boltzmann differential equation.2*

The lyotropic effects are observed for example when
precipitating proteins (salting-in and salting-out) and
are well documented experimentally for many macro-
molecular association and conformational equilibria.
The effect is stronger for the anions and one can order
them in series with increasing ability to salting-in (to
increase solubility of for example a protein): SO4%~ <
F~ <ClI7 <Br- <NO3;™ <1~ <SCN~. The effect does
not yet have any satisfactory theoretical explanation,
although many have investigated the subject.2526 A
plausible explanation is that the lyotropic effect is due
to an enrichment or depletion of the ions at the
macromolecule—solution interface, which gives an in-
terfacial energy contribution to the conformational/
association equilibria. The ions at the right-hand side
of the series (I~ and SCN~) would therefore favor the
conformation (or aggregate) with the largest surface
exposed toward the solvent.

Site binding, finally, is specific to the particular
macromolecule. Well-known examples include Ca2*
ions binding to alginate and to the protein calbindin.
The specificity of the site-binding could be different for
different macromolecules, but it can involve a size
selective step, since the ions often have to fit into some
sort of cavity.

x-Carrageenan is negatively charged and undergoes
conformational and association equilibria. It has spe-
cific binding of both anions and cations to the helix
conformation, and we thus have to take all the above-
mentioned effects into account when evaluating the DSC
results.

In this study we have used Nat, Cl~, Cs*, and I~ to
vary the ionic atomsphere around the «-carrageenan.
We have varied the concentration of all these ions in a
systematic way by using mixed salts but at a constant
ionic strength (0.1 M). Both Cs* and I~ are ions that
bind to the helix conformation. Previous studies have
shown that Cs* and I~ bind to separate sites and thus
that we have noncompetitive binding. The specific
binding has been demonstrated®821 by NMR measure-
ments, and it affects the coil-to-helix transition by
increasing the transition temperature (stabilizing the
helix). However the specific mechanism and nature of
the binding site is not clear.?! For I~ we have to
consider also the lyotropic effect but apparently the site
binding of iodide to the helix is stronger than the
lyotropic effect, since it stabilizes the (more compact)
helix conformation relative to the coil. Na* and CI~ are
“inert” ions and they experience mainly the general
electrostatic effect.
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To describe the general electrostatic effect we have
solved the Poisson—Boltzmann equation in cylindrical
symmetry?’

N
% g(r%) = — A (exp(—ealksT) — exp(eglksT)),

6OEI’
a<r=<b (1)

where ¢ is the electrostatic potential, r is the radial
distance from the center of the cylinder, e is the protonic
charge, Na is Avogadros number, eoer is the dielectric
constant of water, kgT is the Boltzmann temperature,
and a is the radius of the «-carrageenan helix (ap-
proximated as a cylinder of radius of 5.1 A). We have
applied excess amount of salt condition, i.e., the limit b
— 00, SO C, is the salt concentration in the bulk where ¢
= 0. The boundary conditions are given by the electro-
static field in the bulk (d¢/dr(b) = 0) and at the polymer
surface (d¢/dr(a) = —aleoer, Where o is the surface charge
density). These conditions corresponds to infinite dilu-
tion of k-carrageenan in a 0.1 M salt solution. The
relative error in ¢(a) due to finite integration was less
than 1075.

The specific binding of Cs*™ and I~ to the «-carrag-
eenan helix has been modeled by introducing binding
sites on the cylinder surface.67 Associated with each
site is an equilibrium binding constant which deter-
mines the degree of occupancy of the site from the law
of mass action (eq 2) where cn is the concentration of

£ = Km,0 EXp(—zeqb(a)/kBT)cm,O
M1+ Ko exp(—zep(a)/kgT)c, o

)

ion m in the bulk, Ko is the corresponding binding
constant, and z is the charge of the ion (+1 or —1). The
surface charge of the cylinder is affected by the fraction
of occupied sites according to eq 3, where oo is the

fi

0200(1—%—%5) 3)

surface charge density in the absence of binding (—0.122
C/m2), corresponding to an area per charge of 131 A2,
fcs and f are the fraction of occupied sites, and n is the
number of polymer charges per binding site.

One can divide the calorimetric enthalpy of the coil—
helix—aggregate transition into the following contribu-
tions:

AHcal = AHhelix + AHagg (43.)
AHhelix = AHnonfel + AHel + AHbind (4b)

where AHpon—el includes all nonelectrostatic contribu-
tions to the helix formation (for example hydrogen
binding), AHg represents the enthalpy cost in creating
the more highly charged double helix from the less
charged coil conformation, AHying is the contribution
from the binding of the specific ions, and AHggq is the
enthalpy from the formation of superhelical aggregates.
In principle AHagg may include the same type of terms
as AHnelix, but since the nature of the aggregate is poorly
known, we cannot model these contributions in detail.
Therefore AHagq Will not be included in the theoretical
enthalpy calculations but estimated as the difference
between the calculated AHnelix and the observed AHca.
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Figure 2. Two typical DSC thermograms for «x-carrageenan.
The cooling and heating curves for both Xcs = 0 (0.1 M Nal)
and Xcs = 1 (0.1 M Csl) are displayed.

The fraction of occupied sites was calculated for all
the salt compositions investigated by solving the Pois-
son—Boltzmann equation (equation 1) in a self-consis-
tent way to satisfy eqs 2 and 3. The fraction of occupied
sites was converted into AHping following the formula
AHying = [fcsAHcst/n] + [fiAH,7/n]. To calculate AHpejix
we also need AHnon—et and AHg. AHg is neglected since
it for the x-carrageenan system is on the order of 0.1—
0.4 kJ/mol® and the AHnon—el is unknown and has to be
obtained from experimental data.

IV. Experimental Results

The experiments were designed to study the enthalpy
change of the coil—helix—aggregate transition, in re-
spect to ion binding and aggregation, over four different
environments, namely, Nal — Csl, Csl — CsClI, CsCI
— NaCl and NaCl — Nal. Thus, they contain two
specific binding ions?(cesium and iodide) and two inert
ones. The chosen environments make it possible to vary
one ion at time and keep the total ion concentration
constant at 0.1 M. The salt composition is described
by the following molar fractions

X< = [NaCIJ{[NaCI]+[Nal]}; NaCl— Nal
X =[CsIJ{[CsI]+[Nal]}; Nal — Csl
X, = [CsI]{[CsI]+[CsCI]}; Csl — CsCl
Xna = [NaCIJ{[NaCI]+[CsCI]}; CsCl— NaCl

which were all varied between 0 and 1. The above
definitions give four equalities: Xcs =1 =X, (0.1 M Csl);
Xcs = 0 = X1 (0.1 M Nal); Xna = 1 = X1 (0.1 M NaCl);
XNa =0= Xi (Ol M CSC')

Typical DSC graphs for two different solutions are
displayed in Figure 2, and both the cooling and heating
curves for each solution are included. T, as indicated
in the figure, is the temperature at the peak of the
cooling curve (exotherm); Ty, is the temperature at the
peak of the heating curve (endotherm) and AT = Ty, —
T, is the hysteresis. In all electrolyte compositions
investigated here, Ty is equal to or higher than T.. A
difference lower than 1 deg can probably be attributed
to thermal lag between the cooling and heating cycle.
However no correction for thermal lag has been done.
As can be seen there is some difficulty in drawing a
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Figure 3. Experimental data for 0.5% w/w «-carrageenan in mixed system of NaCl/Nal, Nal/Csl, Csl/CsCl and CsCI/NaCl: (a)
Conformational transition temperatures T, (®) and Ty (O); (b) hysteresis (®) and AHagq (O); (C) experimental transition enthalpies
(O) together with the calculated AHneiix (lines). The fully drawn line corresponds to parameter set 1 (AHcst = 22.4, AH;- = 26.0
and AHnpon—ei = 2.9 kd/mol) and the dashed line to set 2 (AHcst = 22.4, AH;- = 26.0 and AHpon—ei = 2.9 kJ/mol).

baseline to calculate the enthalpy, and the calculated
value could vary within ~5%. However the peaks were
evaluated as closely as possible to each other.

The different temperature features that can be ob-
served in this system as a function of the salt composi-
tion are displayed in Figure 3a (see also Table 1).
Starting in 0.1 M NacCl, where the transition temper-
ature is ~12 °C, we observe a gradual increase in T, as
the chloride ions are replaced by iodide ions up to 37
°Cin 0.1 M Nal. T continues to increases in the Nal
— Csl system to ~62 °C (0.1 M Csl). This is followed
by a gradual decrease on going from Csl — CsCl, and
T, reaches about 48 °C at 0.1 M CsCl. The gradual
decrease continues on going from CsCl — NacCl until
about Xy, = 0.8 after which a sharper decrease is
observed and T, returns to ~12 °C in 0.1 M NaCl. A
similar trend is seen for the melting temperature, Ty,
except that on going from Csl — CsCl the melting
temperature is more or less constant.

The hysteresis, represented by the circles in Figure
3b, occurs first at Xcs =~ 0.4 in the salt mixture Nal —
Csl (no hysteresis in the system, NaCl — Nal), increases
up to AT ~ 8°in 0.1 M Csl and is then more or less
constant on going from Csl — CsCl until X; ~ 0.7. A
second increase is then observed, from ~10 to 20°, at
0.1 M CsClI. A gradual decrease occurs on replacement

of cesium with sodium ions (CsCl — NaCl) until about
Xna = 0.8 (from ~20 to ~14 °C); thereafter a much
sharper decrease down to 0 °C at 0.1 M NacCl is seen.

The corresponding enthalpy data from the cooling
curve (represented as kJ/mol disaccharide unit) as a
function of molar ratios are displayed in Figure 3c. The
enthalpies were calculated using a molecular weight of
408 for the repeating disaccharide unit, which corre-
sponds to the sodium form of x-carrageenan. A slight
difference between the cooling and heating enthalpies
was observed under aggregating conditions. The reason
for this is unknown; however, it might be due to slow
(time-dependent) processes. When going from NaCl —
Nal, a gradual increase in transition enthalpy is seen
from 2.5 to ~12 kJ/mol of disaccharide unit. Entering
the Nal — Csl system, an initially steep increase is
observed that levels off at 16 kJ/mol. Above Xcs = 0.4
there is a second increase, and an enthalpy of 22 kJ is
attained in 0.1 M Csl. On replacement of the iodide by
chloride ions (Csl — CsCl) a slight decrease is observed.
A slight decrease is also seen in the system CsCl — NaCl
to about XN = 0.8, followed by a sharp drop to about
2.5 kJ/mol of disaccharide unit in 0.1 M NacCl.

All the above experiments have been done at a
k-carrageenan concentration of 0.5% w/w. To check the
concentration dependence of the transition enthalpy,
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Table 1. Parameters Obtained from DSC and Uniaxial
Gel Strength Measurements

. AH, AT, LY2, LY2, Te,  Th
salt composition Ki/mol  °C oC °C Fra °C  °C
Xel 1 2.4 1.15 2.95 3.08 105 11.7

0.8 7.3 1.08 2.75 3.30 22.4 235

0.6 8.6 1.08 2.75 3.08 275 28.6

0.4 10.0 0.70 2.34 2.63 31.8 325

0.2 11.2 0.99 242 3.08 341 351
Xcs 0 11.2 0.60 2.41 2.63 36.5 37.1

0.1 14.3 0.60 2.19 2.63 425 431

0.2 16.1 0.64 219 241 46.8 47.5

0.3 16.6 054 219 241 48.8 49.3

0.4 17.4 202 4.16 1.97 53.3 55.3

0.5 18.4 3.07 416 1.97 53.4 56.5

0.6 20.6 472 4.09 2.04 22 55.8 60.1

0.8 21.4 747 4.09 1.75 37 589 66.4
X 1 21.8 893 423 161 44 61.4 70.0

0.9 22.0 892 416 1.64 61.0 69.8

0.8 20.4 9.00 4.16 159 60 60.0

0.75 19.2 9.31 438 1.75 59.5 69.3

0.7 18.6 9.73 438 1.75 58.4 69.6

0.6 19.9 11.23 438 154 66 55.7 684

0.4 20.0 12.68 460 154 86 534 69.2

0.2 20.1 1584 4.16 1.46 125 48.2 67.6
XNa 0 19.0 1934 394 131 151 454 645

0.2 205 19.08 4.84 153 149 415 60.1

0.4 19.8 18,58 5.05 1.75 96 37.0 54.2

0.6 19.1 17.28 6.06 2.02 72 28.9 433

0.8 176 1444 6.42 275 105 11.7

two salts were selected (0.1 M Nal and 0.1 M Csl)
corresponding to the nonaggregated and aggregated
state. Figure 4 clearly demonstrates that the enthalpy
in both salts is independent of the «-carrageenan
concentration, in the range of 0.1%—1% wi/w.

The width of the transition, measured at the half of
the peak maximum for the heating (LY%,) and cooling
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(LY2.) curves, are shown in Figure 5together with the
ratio LY2,/LY2,. From NaCl to X¢s &~ 0.4 the widths of
the cooling and heating peaks decrease slowly; however,
the ratio does not change and is close to 1. After
Xcs~0.4 an abrupt increase in the width of the heating
peak is clearly observed while the width of the cooling
peak continues to decrease gradually. The ratio in-
creases sharply from 1 to 2 at this point and continues
to increase up to 3 in 0.1 M CsClI. In the CsCl — NacCl
system a steep increase is seen for both peak widths,
but interestingly the ratio stays constant (around 3).

A uniaxial gel strength measurement was performed
on the gelled samples. In Figure 6the gel strength, in
arbitrary units, as a function of AT is displayed. The
data points are an average of at least two measure-
ments. A good correlation between gel strength and the
extent of hysteresis is observed for all the systems (The
NaCl — Nal system does not gel at 0.5% w/w «-carra-
geenan concentration). It is seen that the two points
from the Nal — Csl system fall on the same curve as
the five points from the Csl — CsCl system. However,
the two points from the CsCl — NaCl deviate from this
curve but show the same trend.

V. Model Parameters and Model Predictions

The model (described under section I11) contains many
parameters, and the most important of them, for
example the binding constants, are known from the
litterature (see below). The individual ion binding
enthalpies (AHcst and AH;-) are unknown, as well as
AHpon—el, @and were used as fitting parameters. The
relative change in ion binding in the different salt
mixtures, rather than the absolute values of ion binding
degree, is the primary result of the model calculations.
We verified (as described in detail below) that our
particular choise of parameters gave qualitatively the
same final results, i.e., the predicted transition enthalpy
(AHheiix) in the different salt mixtures, over some other,
equally probable, parameter sets

The absolute value of the binding constants, Ko m,
were taken from previous work”2! where they were
obtained by a fit to the isothermal coil—helix stability
diagrams. The density of binding sites is not known,
and in the earlier work, it was found that the assump-
tion of one or two binding sites per polymer charge gave
an equally good fit to experimental data. In this work
we have used n = 2 (two polymer charges per site) and
the corresponding values for Kom, 760 and 5 M1 for
the iodide and cesium binding equilibria, respectively.
The set of parameters for n = 1 (Kgcst = 1.86 M~1 and
Ko~ = 330 M™1) was tried, for comparison, but no
gualitative difference was found in the resulting charge
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the mixed system of NaCl/Nal, Nal/Csl, Csl/CsCl, and CsCI/NacCl.
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density and, more importantly, the calculated enthalpy
(AHheiix) was practically unchanged. The individual ion
binding enthalpies depended however on the choise of
n = 1 or 2, and the extracted values were between 3
and 8 kJ/mol and 17—25 kJ/mol for AHcst and AH;-,
respectively. The temperature for all calculations was
set to 290 K since the binding constants were deter-
mined at this temperature. The sensitivity to the
absolute values of the binding constants was tested by
a variation of +210% in both Kcs and K,. This was found
to affect the fraction of bound ions slightly, the effect
being stronger for iodide (£5%) than cesium (£2%), but
it did not change AHpejix and gave only a minor variation
in the individual ion binding enthalpies (AHcs+ and
AH/-).

The results from the Poisson—Boltzmann model cal-
culations regarding ion binding of cesium and iodide
ions are displayed in Figure 7. The data are presented
as the fraction of occupied sites (f = 1 corresponds to
100% binding) for the various salt mixtures.

For both the cesium and the iodide, the fraction of
occupied sites roughly follows the bulk concentration of

1
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the ion. As the ion concentration increases, the cesium
binding increases much more rapidly than the binding
of iodide whose sites are occupied more gradually. The
maximum binding for the cesium ion is also higher than
for the iodide. These differences are due to the elec-
trostatic enrichment of counterions on the helix surface
while the coions are depleted. Figure 7 also clearly
demonstrates that there is a coupling between the
binding of the two ions; for example, when the cesium
ions are first introduced (Nal — Csl), the binding of the
iodide ions also increases. A similar effect is observed
on the cesium ions when the iodide ions are removed
(Csl — CsClI). This synergistic effect is caused by the
opposite charge of the ions and their ability to change
the charge density. The resulting charge density of the
k-carrageenan double helix is displayed in Figure 8 as
a function of the salt composition. In this figure the
charge densities for k-carrageenan, (-carrageenan, and
furcellaran double helixes have been included.

As described in section 11l (Theoretical Model), the
ion binding data can be used to calculate AHpgjix. First
we have to find suitable values for the individual ion
binding enthalpies, AHcs+, AH,-, and we also need to
know AHpon—el. These parameters are not known, but
we can use the experimental data to extract them. In
Figure 3c the calculated transition enthalpies are
presented as a function of salt composition for two
different sets of parameters. The fully drawn line (set
1: AHcst = 8.7 kd/mol, AH,- = 26.0 kJ/mol, and AHnon—el
= 2.9 kJ/mol) represents a least-squares fit to those
enthalpy points where the transition is free from
hysteresis (from X¢; = 0.80 to X¢s = 0.3), which are the
only points where we expect our model to be valid. The
point obtained in 0.1 M NaCl (X¢; = 1) was not used in
the fit since this value (2.5 kJ/mol) probably is to low
due to experimental limitations; the low-temperature
tail of the transition (below 5 °C) could not be collected.
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The dotted line (set 2: AHcst = 22.4 kJ/mol, AH,~ =
26.0 kJd/mol, and AHpon—e1 = 2.0 kd/mol) was calculated
with the previously estimated enthalpy’ for the binding
of cesium ions. In Figure 3b, the difference between
AHca and AHpelix, calculated from set 1, is plotted as a
function of salt composition, together with the hyster-
esis. This difference represents our estimate of AHagq
and it follows the same trend as the hysteresis.

V1. Discussion

Transition Enthalpies. The transition enthalpy
has contributions from the following processes: the
coil—helix transition, ion binding to the double helix
(both iodide and cesium), and the association of double
helixes. To distinguish the different processes we start
with the simple salts, i.e., 0.1 M of NaCl, Nal, Csl, and
CsCl. The sodium chloride salt gave the lowest transi-
tion enthalpy. This is expected, due to the fact that only
the coil—helix transition contributes to the enthalpy.
The value ~2.5 kJd/mol of disaccharide unit is compa-
rable to recently obtained data under similar condi-
tions;'® however, it is higher than previously published
data of?® 0.4 kJ/mol of disaccharide unit. The transition
enthalpy for 0.1 M Nal is ~11 kJ/mol of disaccharide
unit. This is a combination of the coil—helix transition
and the binding of iodide ions. The value is comparable
with previously obtained data in 0.15 M tetramethy-
lammonium iodide (10.4 kJ/mol)6 and sodium iodide (11
kJ/mol).2® In 0.1 M Csl and 0.1 M CsCl the transition
enthalpies are similar (22 and 20 kJ/mol of disaccharide
unit, respectively) and in both salts we have contribu-
tion from all of the above-mentioned processes. The
value in CsCl correlates reasonably well with previously
obtained data in CsCI*¥® which gave ~18 kJ/mol of
disaccharide unit for a 0.04% w/w «-carrageenan solu-
tion and a value of ~23 kJ/mol of disaccharide unit for
a 0.06% w/w k-carrageenan solution.” Other studies
on the comparable potassium chloride salt have given
values between 9,301517 1731 and ~21 kJ/mol of disac-
charide unit.” Further a study on a 0.1 M potassium
nitrate solution (1% w/w k-carrageenan concentration)
gave a value of 18 kJ/mol per disaccharide unit.32

The NaCl — Nal system shows a smooth increase in
transition enthalpy when chloride ions are replaced by
iodide ions (Figure 3c). The increase levels off at
approximately X¢y = 0.8. This agrees with data in a
previous study where no large difference was seen
between a sample containing 100 mM Nal and 200 mM
Nal.?® In the Nal — Csl system the transition enthalpy
also increases, but the increase occurs in two separate
“steps”. The initial increase reflects only the binding
of cesium to the double helix since no aggregation
(hysteresis) is present, and it is correlated to the
increase in fcs and fi, calculated from our model (Figure
7). This increase seems to level off just below Xcs = 0.4
(16kJ/mol disaccharide unit) but is followed by a second
increase above Xcs = 0.4. The second increase is not
predicted by our model, but it coincides with the onset
of hysteresis, which indicates that the aggregation
contributes to the transition enthalpy. After this in-
crease, the enthalpy levels off once more at ~22 kJ/mol
of disaccharide unit around Xcs = 0.8 and is more less
constant until 0.1 M Csl. In the Csl — CsCl system a
slight decrease is observed from 22 kJ/mol to just below
20 kd/mol. The transition enthalpy is derived from the
cesium binding (more or less constant), the iodide

DSC Study of x-Carrageenan 1839

binding (decreasing), and the aggregation (increasing).
The decrease in iodide binding, which reaches zero at
0.1 M CsClI, should lower the transition enthalpy.
However, the increase in aggregation (hysteresis) ap-
parently compensates for most of the loss and only a
slight decrease in transition enthalpy is observed. The
trend continues for most of the next regime (CsCl —
NaCl), where the transition enthalpy gradually de-
creases to a molar ratio of Xna = 0.8. No iodide ions
are present and the hysteresis (and the charge density)
is more or less constant, with only a slight decrease of
the hysteresis (increase in charge density) observed.
There is an abrupt decrease in transition enthalpy
between Xna = 0.8—1 (from ~17 to ~2.5 kJ). This
corresponds to the difference in transition enthalpy
between the coil—helix transition containing no specific
ions and no aggregation with one containing a small
proportion of binding cesium ions and the accompanying
aggregation.

The constant transition enthalpy (Figure 4) in 0.1 M
sodium iodide over a polymer concentration range from
0.1 to 1% wi/w is expected. In the 0.1 M sodium iodide
system the contributions to the transition enthalpy
originates from the coil—helix transition and the binding
of iodide ions to the «-carrageenan double helix. Both
of these processes should depend linearly on the number
of disaccharide units present, if the iodide ions are in
excess. Further the transition temperature does not
vary significantly (slight increase due to counterions,
data not shown) over the concentration range. In the
0.1 M cesium iodide system we have a further contribu-
tion to the transition enthalpy from the aggregation
process. The hysteresis does not change over the range
(~8—9 °C, data not shown), and the transition enthalpy
is constant, implying that the aggregation contribution
to the transition enthalpy is also proportional to the
number of disaccharide units.

In this context it is also interesting to compare
previous estimates of the transition enthalpies for
k-carrageenan:’ 12.7 kJ/mol for AHpon—ei and 22.4 kJ/
mol for AHpindacst), With the experimental values from
parameter set 1 obtained in this study: 2.9 kJ/mol
(AHnon-er) and 8.7 kJ/mol (AHpingcsty). Clearly the
former calculations made using the Poisson—Boltzmann
cell model?”7 overestimates the enthalpies but consider-
ing that the Poisson—Boltzmann model is only semi-
guantitative in the best cases, the results are acceptable.
The nonelectrostatic contribution, AHnon—e, Was esti-
mated from the salt induced shift in the conformational
transition temperature, based on the data in ref 5 for
Na™ ions. Upon inspecting the original data we note
that the temperature range is rather narrow (4—25 °C)
which could cause some uncertainty in the estimated
AHpon—el.  AHagg values vary in the different salts
investigated, and AHagq can sometimes represent more
than 50% of AHcy. A value for AHagg of 4 kJ/mol,
similar to the lowest AH,gy Obtained here, has been
reported by previous investigators as the difference
between free (nongelling) and aggregated (gelling) he-
lixes.3215

In conclusion, the transition enthalpies in the non-
aggregated systems are fully explained by the ion
binding to the double helix, including also the small step
occurring around 0.1 M Nal. For the aggregated
systems, the observed transition enthalpy is more or less
independent of salt composition but our model calcula-
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tions predict a decreasing AHpeiix When we move to the
right in Figure 3c. To obtain a constant total transition
enthalpy, the decrease in AHpeix has to be compensated
for by an increase in AHayy We find that AHagg
increases from approximately 5 kJ/mol, when we have
iodide present, up to around 13 kJ/mol for the CsCl —
NaCl system.

Transition Temperatures. A first observation is
that all curves vary smoothly for the four systems,
indicating that there is no change of the primary
conformation! with the salt compositions.

In the NaCl — Nal system no hysteresis is present.
The iodide stabilizing effect is seen as an increase in T,
(and Ty), correlated with an increase in the number of
occupied iodide sites which leads to a higher charge
density of the helix. The transition is just the normal
reversible coil—helix transition of k-carrageenan. In the
Nal — Csl system an increase in T; is observed between
Xcs = 0 to 1 (from 36° to 62 °C). This increase can be
attributed to the well-known stabilizing effect, through
ion binding, of the cesium ions to the «-carrageenan
double helix and correlates well with the increase in the
number of occupied cesium sites. The coil—helix transi-
tion temperature at 0.1 M Csl (~62 °C) is the highest
temperature for all the measured salt mixtures, and this
maximum in helix stability correlates with the maxi-
mum of ion binding of both cesium and iodide ions as
seen from the model calculations. A similar increase
in Ty is observed with Xcs ~ 0.4, where T, starts to
deviate from T; (T > T¢). At and above this ratio the
occurrence of aggregates has been demonstrated by a
wide range of techniques: optical rotation, viscosity,
cryo-TEM, rheology, and FFF-MALS.111228 The onset
of hysteresis is therefore clearly a result of aggregation
between double helixes which results in a stabilization
of the helix state.?®* It is known that iodide ions
promote helix formation but prevent aggregation, and
from the above data, it is seen that aggregation (hys-
teresis) does not occur until a certain amount of gel
promoting cesium ions are present. The ratio (X¢s ~
0.4) is also the approximate crossover between the iodide
and cesium ion binding degree as seen in the model
calculation. The charge density of the double helix
above this point is lower than for «-carrageenan helix
in an environment containing no binding ions (e.g. 0.1
M NaCl) while in 0.1 M Nal is ~75% of the higher
charged (-carrageenan double helix (compared with
~55% in 0.1 M NaCl). However as the number of
cesium ions increases, the charge density decreases and
becomes closer to that of the lower charged furcellaran
polymer. It is well-known that (-carrageenan does not
form any aggregates (no hysteresis has been observed)
and that furcellaran is highly aggregated.?

Considering the Csl — CsClI system, a decrease in T,
is expected due to the exchange of iodide to chloride ions.
Such a decrease is also clearly observed going from T,
~62°Cat0.1MCsltoT,~48°Cat0.1 M CsCIl. This
decrease correlates well with the decrease in the number
of occupied iodide sites. However, Ty is more or less
constant and only a very small decrease from about 70
°C at 0.1 M Csl to approximately 68 °C at 0.1 M CsClI
is observed. The difference in behavior between T, and
Th is clearly observed in the hysteresis which reaches
~20°Cat 0.1 M CsCl. This is the maximum hysteresis
observed in all four systems and correlates to the
maximum difference in ion binding between cesium and
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iodide and consequently the lowest charge density in
all four systems.

The behavior in the next system, CsCl — NaCl, is
explained by the stabilizing effect on the k-carrageenan
double helixes by the cesium ions. A similar decrease
in both T, and Ty, is observed when cesium ions are
exchanged for sodium and correlates well with the
decreasing binding degree of cesium ions. The similar
behavior of T, and Ty, is also reflected in the hysteresis
which is more or less constant from Xna = 0-0.6,
followed by a slight decrease between 0.6 and 0.8, and
it finally abruptly disappears as Xna approaches 1. The
observed trend for the charge density is a slight increase
(more or less constant) between Xya = 0 and 0.6;
thereafter, a sharper increase is observed.

The transition temperatures were also measured by
optical rotation (data not shown) and it was found that
upon lowering the total ionic strength (0.03 M) the onset
of hysteresis was shifted to lower cesium contents (at
Xcs = 0.3 instead of Xcs = 0.4 in 0.1 M salt). When the
model calculations were repeated at the lower ionic
strength we found that the charge density was lowered
close to the hysteresis onset, compared to the charge
density in 0.1 M salt. This supports the idea that the
occurrence of hysteresis (and aggregation) is indeed
controlled by the charge density of the helix. When the
charge density decreases below a certain value, the
aggregation can occur.

Transition Width. The parameter varied in the
above experiments is the salt composition; thus, poly-
dispersity and polymer concentration have been kept
constant. This suggests that any change in transition
sharpness should be due to a change in the equilibrium
between the coil and the helix state. The equilibrium
constant consists of the coil concentration, helix con-
centration, and an association factor to form the first
helical unit between two coil strands.®® A change in the
sharpness of the cooling curve should reflect a change
in the helix concentration or the association factor. The
association factor contains mainly the entropic loss in
free energy when two chains associate and should be
independent of the electrolyte condition. Under non-
aggregating conditions, the width of the cooling curve
is the same as the width of the heating curve, but a
slight decrease in peak width is seen with an increasing
amount of specific ions. This is probably a result of the
higher stability of the double helix when specific ions
are present. An abrupt increase of peak width of the
heating curve is clearly observed when we enter the
aggregated systems. This observation can be a kinetic
effect, for example if the melting of the double helix
inside an aggregate is much slower than the melting of
a free helix. On the other hand, if it is an equilibrium
effect, it would mean that the melting of the aggregates
is less cooperative than the melting of free helixes. The
width of the cooling peak in the aggregating systems is
lower than the cooling peak of the nonaggregated
systems. This could be explained by a higher stability
of the helix, as above, but this is not compatible with
the decrease of T; in the Csl — CsCI interval. More
probable is that the sharper transition upon cooling is
a result of that the helixes aggregate as soon as they
are formed and thereby drive the coil—helix transition
faster to helical state.

Gel Strength. The uniaxial gel strength measure-
ments show a good correlation between the maximum
gel strength and the extent of hysteresis. All measure-
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ments have been done on 0.5% w/w k-carrageenan
samples, and no measurements were done on the weak
gels that form under nonaggregating conditions at
higher polymer concentrations.12 However there seems
to be a difference between gels containing both cesium
and iodide compared to the gels containing only cesium.
This indicates that the gel strength does not depend only
on the extent of hysteresis but also that the ions present
might also play a part.

VII. Concluding Remarks

A semiquantitative description of the experimental
transition enthalpies under nonaggregated conditions
was obtained by the electrostatic model, where the
specific ion binding was included. Thermal hysteresis,
a sign of aggregate formation, occurred in the experi-
ments when the calculated charge density (with bound
ions) was lower than the “bare” charge density (in the
absence of binding ions). However, the model calcula-
tions are not able to reproduce the transition enthalpies
for those systems where aggregation occur and a
contribution from the aggregation process to the total
transition enthalpy is therefore implied.

From these DSC results, and the belonging ion
binding calculations, we can obtain some indications on
the nature of the superhelical aggregates but much
remains to be understood. An interesting point is that
the stability of the aggregates (interpreted as Ty, the
melting temperature of the aggregates) is controlled by
the concentration of cesium only. The aggregation
enthalpy, AHggg, varies from 5 to 13 kJ/mol and con-
tributes with more than 50% of the total transition
enthalpy in some salt mixtures. This large variation
in aggregation enthalpy can mean that the structure of
the aggregates depend on the salts present. For ex-
ample, the strength and size of the aggregates could
vary with the salt composition. As we observe a higher
turbidity for the systems with the higher hysteresis,
there is definitely some structural difference between
samples with low and high hysteresis. It is very
interesting to note that the increase in aggregation
enthalpy follows the increase in hysteresis (Figure 3b).

The structure (nature) of the aggregates is poorly
known. In cryo-TEM micrographs!! they appear as very
stiff long rods consisting of an unknown number of
double helixes. The cryo-TEM study was done on dilute
polymer solutions in the Nal/Csl system. No growth of
the rods could be observed when the cesium content
increased, but the rods aggregated into larger bundles
with increasing cesium content.

The above-mentioned observations suggest that a
term describing the association has to include a primary
term describing the association of double helixes and a
second term describing the aggregation of these ag-
gregates. However, available information on the struc-
ture and ion binding properties is still not sufficient to
describe such a term and include it in the model
calculations.
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