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Abstract: The effect of polyelectrolyte cation specificity, charge density, and conformation on the
interaction between furcelleran, k, i, and l-carrageenan, respectively, and amitriptyline, an
amphiphilic cationic drug molecule, was studied by means of a dialysis equilibrium technique. The
carrageenans used in this study—furcelleran,k, i, and l-carrageenan—had a charge density
corresponding to 0.69, 0.92, 1.53, and 2.07 sulfate groups per disaccharide. In general, the binding
isotherms followed the order Li1 , Na1 , N(CH3)4

1 , K1 # Cs1 ' Rb1, i.e., the binding
isotherms were shifted to higher concentrations of free amphiphile according to the sequence
indicated. Thisaffinity sequencecorrelateswell with that found for thedextran sulfate–amitriptyline
system (A. Hugerth and L.-O. Sundelöf, Langmuir 2000, 16, 313–317). The factor determining the
critical aggregation concentration in the presence of Na1 compared to K1 was found to be as
follows: the flexibility (conformation) in the case of the lower charged carrageenans, i.e., furcel-
leran and k-carrageenan, charge density fori-carrageenan, and in thel-carrageenan case the
difference in the ROSO3

2–alkali ion specificity. © 2001 John Wiley & Sons, Inc. Biopoly 58:
186–194, 2001
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INTRODUCTION

A number of polyions such as charged biopolymers
and micelles show great selectivity in their interac-
tion with “simple” inorganic ions. A recent study1

on the interaction between dextran sulfate (DxS)
and the cationic amphiphilic drug amitriptyline
[3-(10,11-dihydro-5H-dibenzoa,d-cyclohepten-5-

ylidene)-N,N-dimethyl-1-propanamine] gave as an
important result that the type of polyelectrolyte
monovalent counterion present can influence the
interaction between polyelectrolytes and oppositely
charged amphiphiles. The ion specificity of the
polyelectrolyte (ROSO3

2–alkali ion) and subse-
quent effects on the polyelectrolyte–amphiphile in-
teraction was found to be related largely to the
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solvation of the polyelectrolyte counterions and the
polyelectrolyte charge density.

The interaction between polyelectrolytes and op-
positely charged amphiphiles is characterized by a
cooperative aggregation process that shows many
similarities to micelle formation if the amphiphile
concentration exceeds a critical value, the critical
aggregation concentration (cac). Typically, this cac is
at least one order of magnitude less than the critical
micelle concentration. At an amphiphile concentra-
tion below cac, the interaction is primarily of electro-
static nature. Hence, the interaction becomes depen-
dent on the charge density of the polyelectrolyte,2–4

which regulates the distribution of small ions in a
polyelectrolyte containing solution, and the ionic
strength.5 Other characteristics of the polyelectrolyte
known to affect the interaction are the flexibility of
the polymer chain,6,7 conformation,8 and presence
and distribution of any hydrophobic moieties.9,10

One polyelectrolyte system that has attracted much
attention due to the difference in ion specificity, the
range in charge density, and the possibility of helix–
coil transition is the carrageenan system. The carra-
geenans constitute a family of linear sulfated polysac-
charides extracted from various species of the marine
red algae Rhodophyta and differ mainly with respect
to the number of sulfate groups per disaccharide (ds)
and anhydrogalactose content. The generally accepted
structures and characteristic data of the carrageenans
are given in Figure 1 and Table I, respectively. As is
evident form the data, the set of carrageenans em-
ployed— furcellaran (a copolymer ofb- andk-carra-
geenan),k, i, andl-carrageenan—constitute a fairly
“homologous” series with respect to charge density.
Furthermore, the general characteristics of the carra-
geenans can be outlined as follows: All carrageenans,
with the exception ofl-carrageenan, can undergo a
conformational transition from coil to helix and also

FIGURE 1 Primary structure formulae of (I) amitriptyline and (II) the repeating disaccharide unit
of (a) b- (R15R25H), k- (R1 5 OSO3

2, R2 5 H), andi-carrageenan (R15OSO3
2, R25H/OSO3

2),
and (b)l-carrageenan (R35H/OSO3

2).

Table I Characteristics Parameters for the Carrageenans

Charge
Densitya

Amount
Anhydrogalactose Mwa

Intercharge Distance (Å)e

Random Coil Double Helix

Furcellaranb 0.67 0.70 380 16 6.7
k-Carrageenanc 0.92 0.84 404 10.3 4.1 (8.2)f

i-Carrageenand 1.53 0.59 469 5.2 2.2
l-Carrageenand 2.07 0.16 533 — —

a No. of sulfate groups and molecular weight, respectively, per disaccharide unit with sodium as counterion
and corrected for anhydrogalactose content.

b Previously unpublished data courtesy by Dr. N. Caram-Lelham.
c From Ref. 33.
d From Ref. 16.
e Values for ideal structures.34–36

f Intercharge distance fork-carrageenan single helix.35
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subsequent gel formation on the addition of an appro-
priate electrolyte at a sufficient ionic strength and/or
lowering of the temperature. The less sulfated carra-
geenans, furcellaran andk-carrageenan, have a
marked ion specificity that is intimately related to
their conformational transition and gelling capacity.
The effect of monovalent ions can be divided into two
main categories, i.e., the “nonspecific” counterions
[Li 1, Na1, and (CH3)4N

1], which act primarily by
long-range Coulomb forces, and the “specific” coun-
terions [NH4

1, K1, Cs1, and Rb1],11 which have been
suggested to have site-specific binding to the carra-
geenan chain.12 The latter causes helix–helix aggre-
gation and at sufficiently high polymer concentration
also gel formation.i-Carrageenan, which has a higher
degree of sulfatation, shows a lesser degree of ion
specificity13 in its solution behavior, and some inves-
tigations have indicated that its ion specificity ema-
nates solely fromk-carrageenan impurities.14,15The car-
rageenan with the highest charge, thel type, singles
itself out by not forming helices and produces weak gels
only at high polymer concentration. The ability for helix
and gel formation can thus be related to the structure of
the polysaccharide, type and amount of counterion, sol-
vent–polymer interaction, and temperature.

In the DxS–amitriptyline case, the dependence of
the polyelectrolyte–amphiphile interaction on the type
of polyelectrolyte counterion present was possible to
relate almost exclusively to the ROSO3

2–alkali ion
interaction. It should be noted that DxS is a rather
flexible and hydrophilic polymer that does not un-
dergo helix–coil transition. Thus, a study of ion spe-
cific effects of the monovalent ions Li1, Na1, K1,
Rb1, Cs1, and N(CH3)4

1 on the carrageenan–amitrip-
tyline interaction could further elucidate the charac-
teristics of carrageenan–amphiphile systems and the
carrageenan systems per se as well as provide a means
to further test the generality of ion specific effects on
the polyelectrolyte–amphiphile interaction. Moreover,
experimental data facilitating a quantitative compari-
son within the carrageenan system with respect to
charge density, conformation, and flexibility, as well
as a comparison with, e.g., the DxS–amitriptyline
system, may provide additional insight.

The results will be discussed in relation to the
effect of polyelectrolyte counterion specificity of car-
rageenan in coil conformation and helix conforma-
tion, respectively, whereafter effects of ionic strength
and charge density will be addressed.

EXPERIMENTAL

Materials

Commercial samples ofi- andl-carrageenan (designa-
tions C-4014: lot no. 27F-0373; C-3889: lot no. 21H0322)

were obtained from Sigma Chemicals Co.k2carrageenan
(Genugel type X-8944 batch no. 44807920) was kindly
donated from Copenhagen Pectin A/S, Denmark. Furcelle-
ran was a gift from Prof. E. R. Morris. The pure cationic
forms of the carrageenans were prepared as previously
described.16 (Characteristic parameters for the carrageenan
fractions used are given in Table I). Amitriptyline–HCl was
purchased from Sigma (St. Louis, MO, USA). All other
chemicals were commercially available products of analyt-
ical grade. The dialysis membrane was of a regenerated
cellulose, purchased from Spectrum (CA, USA), with a
molecular weight cutoff of 12,000–14,000.
Test samples for the experiments were prepared by diluting
a stock solution with an appropriate electrolyte solution. All
solutions were prepared as moles per kg solvent. Since the
pKa of amphiphiles is much higher than the pH of the
solutions, which is close to neutrality, and the charge group
on the polymers used is sulfate, both the polyion and the
amphiphile are fully charged during the experiments. Elec-
trolyte concentrations given in the text are not corrected for
contributions from the polyelectrolyte counterions.

Methods

Dialysis Equilibrium. The degree of binding of the am-
phiphile to the polymer was determined by a previously
described dialysis equilibrium method utilizing specially
designed lucite dialysis cells.16 Measurements were as a
rule carried out at 23.06 0.5°C and lasted some 24 h, which
was sufficient to attain dialysis equilibrium. In the case of
i-carrageenan the dialysis was carried out at 26 and 31°C for
the coil case and at 21.0°C for the helix case. Dialysis
studies ofk-carrageenan with 25 mM LiCl and 5 mM of
LiCl, KCl, RbCl, and CsCl, respectively, were carried out at
35.06 0.5°C. That the polymer was predominantly in coil
(helix) conformation at the temperature chosen for the di-
alysis experiments, was ensured by means of optical rota-
tion measurements. The concentration of amphiphile was
determined spectrophotometrically. In all sample solutions
the polymer concentration was 0.5 mg/g. Na1–furcellaran
and Na1–i-carrageenan samples with 30 mM of LiCl, NaCl,
and N(CH3)4Cl, respectively, andk-carrageenan samples
with 25 mM LiCl and 5 mM KCl/RbCl/CsCl were heated
prior to the dialysis experiment to ensure complete conver-
sion to coil conformation of the polymer chains.

The binding isotherms obtained by dialysis experiments
are shown as the degree of binding,b, which is the number
of moles of amphiphile adsorbed per mole polymer charge
vs free amphiphile concentration [D1] I. Theb is defined by
the relation

b 5 ~@D1]II tot 2 [D1]I)/Cp*

[D1]II tot is the total concentration of amphiphile in
the compartment containing polymer and [D1]I is the
free amphiphile concentration in the compartment
without polymer. Cp* is the number of moles of
polymer charges as calculated from the polymer mass
concentration, theMw of the monosaccharide unit,
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and the charge density. The Donnan effect, across the
dialysis membrane, was considered to be almost neg-
ligible because of the low polymer to added electro-
lyte ratio.

Optical Rotation. Optical rotation (OR) was mea-
sured at 546 nm on a Perkin Elmer 241 polarimeter,
using a 10-cm jacketed cell and a circulating water
bath for accurate temperature control. Care was taken
to allow the system to reach conformational equilib-
rium before final readings were made. The helix–coil
transition was monitored through both cooling and
heating runs to allow for possible hysteresis effects.
All experiments were commenced at a temperature
well above the coil-to-helix transition to allow the
samples to adopt an all-coil conformation. The frac-
tion of the sample having helix conformation (F) was
calculated fromF 5 (a 2 acoil)/( ahelix 2 acoil),
wherea equals the measured OR,acoil is determined
from the plateau value at high temperatures, andahelix

is estimated from the highest observed valuea. In
cases were plateau values could not be attained in the
low temperature region, values forahelix were ob-
tained by graphical extrapolation.

RESULTS AND DISCUSSION

Polyelectrolyte Counterion Specificity of
Carrageenans in Coil Conformation

The binding isotherms for amitriptyline withl- and
i-carrageenan, which are carrageenans of higher lin-
ear charge density, and the lower chargedk-carra-
geenan and furcelleran, in coil conformation are
shown in Figures 2 and 3, respectively. All amphi-
phile adsorption isotherms show the general charac-
teristics of the interaction between a polyelectrolyte
and oppositely charged amphiphile. At amphiphile
concentrations less than cac, the degree of adsorption
is low and the interaction is mainly governed by
electrostatic interaction. As the amphiphile concentra-
tion is increased, the hydrophobic moieties of the
amphiphiles can interact and at a critical concentra-
tion aggregates of amphiphiles are formed, with the
polyelectrolyte acting as polycounterion. The forma-
tion of polyelectrolyte–amphiphile aggregates is a
cooperative process and is observed as a marked
increase of the degree of binding (b) in the adsorption
isotherms. In addition, the slope of the binding iso-
therm indicates the degree of cooperativity of the
process.

Due to the complexity of the carrageenan systems,
all carrageenans initially will be discussed separately.
When pertinent to the discussion, thermally induced

helix–coil transitions are given as examples for a few
cases.

l-Carrageenan.The l-carrageenan–amitriptyline
adsorption isotherms (Figure 2a) are characterized by
low cac and very high degrees of cooperativity, com-
pared to the other carrageenans. This is due to the
high charge density ofl-carrageenan. The binding
isotherms in thel-carrageenan case are shifted to
higher concentrations of free amphiphile according to
the order Li1 , Na1 , N(CH3)4

1 , K1 , Rb1Cs1.
This affinity sequence coincide with that found for the
DxS–amitriptyline system and the polysterenesulfon-
ate (PSS)–amitriptyline system.1 Moreover, in the
DxS and the PSS cases the affinity sequence was
found to correlate well with the sequence found for
the mean activity coefficients of alkali ions in aqueous
DxS17,18 and PSS19 solutions. Reports of the mean
activity coefficients of Na1 and K1 for l-carrageenan
have indicated the same sequence20 as indicated
above but also the opposite trend has been reported.21

However, considering that the affinity sequence found
for other sulfated polyions, including micellar solu-
tions of, e.g., lauryl sulfate22 and octyl sulfate,23 and
that the amphiphile binding isotherms in the DxS,

FIGURE 2 The effect of type of polyelectrolyte counte-
rion on the binding isotherms for amitriptyline with the
higher charged (a)l-carrageenan at 23°C and (b)i-carra-
geenan at 26°C in 30 mM LiCl (ƒ), NaCl (●), N(CH3)4

1

(h), KCl (E), RbCl (■), and CsCl (1), respectively. Inset
in (b) shows the thermally induced helix–coil transition for
i-carrageenan in 30 mM NaCl and KCl, respectively, for
heating runs (dashed line) and cooling runs (solid line).
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PSS, andl-carrageenan case follow the same general
trend, it seems probable that the sequence of mean
activity coefficients forl-carrageenan also follows

the same pattern.24 Furthermore, the affinity order
found has been related to differences in the hydration
of the alkali ions in the presence of OSO3

2,1,17 (the

FIGURE 3 The effect of type of polyelectrolyte counterion on the binding isotherms for ami-
triptyline with (a) k-carrageenan at 23°C in 30 mM LiCl (ƒ), NaCl (●), and N(CH3)4

1 (h); (b)
k-carrageenan at 35°C in 25 mM LiCl with 5 mM LiCl (ƒ), 5 mM KCl (x), and 5 mM RbCl (Œ),
respectively; and (c) furcellaran in 30 mM of LiCl (ƒ), NaCl (●), and N(CH3)4

1 (h), respectively.
Insert in (b) shows the thermally induced helix–coil transition fork-carrageenan with 25 mM LiCl
and 5 mM RbCl (heating runs (---), cooling runs(—)).
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hydration of the alkali ions decrease in the order Li1

. Na1 . K1 . Rb1 . Cs1). Thus, the concentra-
tion of inorganic counterions and amphiphilic coun-
terions in the vicinity of the polyelectrolyte (especial-
ly in the concentration interval preceding cac), will
reflect the affinity order of DxS for the different
counterions and the charge density of the polyelectro-
lyte. As a consequence, the value of cac reflects the
competition between the different alkali ions relative
the amphiphilic counterions for binding to the poly-
electrolyte.

The gain in Gibbs free energy (Gbc) in changing
Cs1 for Li1, as estimated byGbc 5 RT ln(cac Li1/
cacCs1), was 1.7 kJ mol21, which is of the same order
as that found for DxS with a ds of 1.4.1 Albeit a value
slightly above 1.7 kJ mol21 was expected considering
the charge density ofl-carrageenan, it should be
recalled that the carrageenans are less flexible than the
dextrans.25,26

i-Carrageenan.Figure 2b shows the effect of the
polyelectrolyte counterions Li1, Na1, and N(CH3)4

1,
respectively, on the interaction of amitriptyline with
i-carrageenan in coil conformation. The other types of
small (alkali) counterions used in the present study, at
the concentration of salt employed, would have re-
sulted in the induction of a helical conformation. The
helix–coil transition for Na1–i-carrageenan (0.4%
w/w) in the presence of 30 mM NaCl is shown in the
insert of Figure 2b, arrow (b) indicating the confor-
mation at 26°C. The order of the amphiphile adsorp-
tion isotherms follows the same pattern as in the
l-carrageenan case. A surprising feature of the ad-
sorption isotherms withi-carrageenan is the high de-
gree of cooperativity observed.i-Carrageenan has
practically an identical number of charges as DxS
with ds 1.4 but at the same concentration of the same
inorganic salt presenti-carrageenan has a higher cac
coupled with a higher degree of cooperativity. Since
the value of cac reflects the ease of forming the first
amphiphile aggregate with the polyelectrolyte as
counterion the higher cac, in thei-carrageenan case,
may be related to the stiffness of thei-carrageenan
chain compared to the more flexible DxS. The coop-
erativity, on the other hand, depends also on how the
conditions for the interaction between the polyelec-
trolyte and amphiphile changes as the amphiphile
adsorption progresses. Considering that DxS is a more
flexible polymer, the cooperativity would be expected
to be higher in the DxS case. However, the high
cooperativity observed fori-carrageenan may reflect a
nonhomogenous distribution of sulfate groups in the
i-carrageenan case.

That the ion specificity ofi-carrageenan should
originate entirely from k-carrageenan impurities,

which are known to be present ini-carrageenan sam-
ples,14,15 does not seem likely considering that that
the amphiphile adsorption isotherms follow the same
order as that found forl-carrageenan, DxS, and PSS.

k-Carrageenan.The amphiphile adsorption iso-
therms fork-carrageenan in coil conformation, shown
in Figure 3a, followed the counterion sequence Li1

, Na1 # N(CH3)4
1, i.e., at the same free amphiphile

concentration the degree of bound amphiphile de-
creased according to the order given. In order to
investigate possible ion-specific effect of the other
alkali ions, while keepingk-carrageenan in coil con-
formation, the interaction was also studied with 25
mM LiCl and 5 mM LiCl, 5 mM KCl, 5 mM CsCl, and
5 mM RbCl, respectively, at 35°C (Figure 3b). Insert
in Figure 3b shows the thermally induced helix–coil
transition for the 25 mM LiCl 1 5 mM RbCl case.
The amphiphile adsorption isotherms were all shifted
to higher concentration of free amphiphile as 5 mM
Li1 was exchanged for K1, Cs1 (not shown in Figure
3b to increase clarity), or Rb1, which all have a higher
affinity for the sulfate group. Thus, although less clear
cut, the interaction between amitriptyline andk-car-
rageenan in coil conformation follows the general
pattern.

Furcelleran. For furcelleran there was no discernible
difference between the amphiphile adsorption iso-
therms, albeit there is a well-documented difference
in ion specificity for furcelleran.27 In fact, furcelleran
shows the same specificity with respect to polyelec-
trolyte counterions in the gelation process ask-carra-
geenan. The results indicate that the low linear charge
density of furcelleran in conjuncture with the stiffness
of the polymer chain normally shown for members of
the carrageenan family is sufficient to allow the am-
phiphile binding isotherms to be practically nondis-
criminating with respect to the type of counterion
present.

Polyelectrolyte Counterion Specificity of
Carrageenans in Helix Conformation

The adsorption of amitriptyline toi-carrageenan (Fig-
ure 4a) was studied at 21°C to ensure that the polymer
was predominantly in helical conformation (insert
Figure 2b, arrow a). Figure 4a shows that the value of
cac for amitriptyline with helicali-carrageenan de-
creased compared to the coil case. The cac value for
i-carrageenan in coil conformation at 21°C (indicated
by broken arrow in Figure 4a) was estimated from the
adsorption isotherms at 26 and 31°C (insert Figure 2b,
arrow b and c, respectively) with 30 mM NaCl, since
at 21°C a substantial fraction of the polymer chains
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would be in a helical state. The credibility of the cac
value of amitriptyline found fori-carrageenan in he-
lical conformation in 30 mM KCl is supported by the
fact that the value of cac at 25°C in 40 mM KCl has
been found to be 0.5 mM,28 and it is well known that
cac decreases with decreasing concentration of added
salt. Hence, the value of cac of amitriptyline with
helical i-carrageenan in 30 mM KCl is expected to be
,0.5 mM, solely due to the lower amount of salt
present. Thus, as indicated by the adsorption iso-
therms the major part of the decrease of the cac can be
related to the increase of the linear charge density as
i-carrageenan adopts a helical conformation. Ex-
changing K1 with Cs1 did not significantly affect the
aggregation process. Rb1, however, displaced the am-
phiphile adsorption isotherms to higher concentra-
tions of free amphiphile.

The binding isotherms of amitriptyline tok-carra-
geenan and furcelleran in helical configuration, re-
spectively, are shown in Figure 4b (the adsorption
isotherms in the coil case fork-carrageenan and fur-
celleran are schematically indicated to facilitate a
comparison). The interaction between the amphiphile
andk-carrageenan in helical conformation is charac-
terized by an increased cooperativity compared to the
coil case. This is, as previously reported,28 a result of
the increase in linear charge density. An increase of
the charge density is also expected to result in a
marked decrease of cac.2,3 This is not observed—in
fact, the opposite trend was found in the present study
as well as in the study by Caram-Lelham et al.28

However, it can be anticipated that the polymer chain
when in the helical state is less flexible than when in
the coil state. Moreover K1, Cs1, and Rb1 are known
to facilitate helix–helix aggregation and the formation
of network structures, thus rendering increased con-
straints to the segmental movement of the polymer
chains. Thus, the effect of an increase of the charge
density on cac is outweighed by the decrease of the
flexibility of the k-carrageenan chain as it adopts a
helical conformation and subsequent interhelical ag-
gregation. The same phenomenon was even more
pronounced for furcelleran (Figure 4b).

Any difference in the ion specificity ofk-carra-
geenan for K1, Cs1, and Rb1 as compared to ami-
triptyline was within the experimental error. This is
somewhat surprising considering the well-known dif-
ference in ion specificity ofk-carrageenan for K1 and
Cs1 vs Rb1. The furcelleran–amitriptyline binding
isotherms show a slight dependence on the type of
polyelectrolyte counterion present, (the sequence of
the binding isotherms with respect to the type of
counterion present being K1 , Cs1 ' Rb1). One
explanation may be that furcelleran in the helical state
is more flexible than correspondingk-carrageenan
chains due to the lower charge density.

k-Carrageenan, 0.05% w/w in 30 mM KCl, is a
viscous solution, but after dialysis against the amitrip-
tyline solution a weak gel-like structure was formed.
This indicates that the amitriptyline aggregates at the
polymer surface gave the carrageenan increased ap-
parent hydrophobicity and thereby facilitated gel for-
mation. In a separate dialysis experiment withk-car-
rageenan in 30 mM NaI and 70 mM NaCl against
amitriptyline, where the iodide induces a helical con-
formation while impeding the tendency for helix–
helix aggregation,29 the formation of a weak gel-like
structure also resulted. The amphiphilic aggregates
thus acted as bridging elements in the formation of a
network structure. These results emphasize the impor-
tance of the delicate balance between hydrophobic

FIGURE 4 Effect of cation specificity on the binding
isotherms for (a)i-carrageenan in helical conformation at
21°C with 30 mM KCl (E), CsCl (x), and RbCl (■), and as
comparisoni-carrageenan in coil conformation with NaCl at
26°C (●) and 31°C (h), respectively; and (b)k-carrageenan
in helical conformation at 23°C with 30 mM KCl (●), CsCl
(E), RbCl (1), and furcellaran at 23°C in 30 mM of KCl
(■), CsCl (h), and RbCl (x), respectively. The adsorption
isotherms in the coil case (30 mM NaCl at 23°C) for
k-carrageenan (dashed line) and furcellaran (solid line) are
included for comparison.
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and hydrophilic segments on the gelling characteris-
tics of carrageenan.

Effect of Ionic Strength

Figure 5 shows that the dependence of ln cac on the
amount of added LiCl, NaCl ,and KCl, respectively, is
linear for l-carrageenan. This agrees well with the
salt dependence found in, e.g., the DxS–alkylpyri-
dinium30 and the carboxymethyl cellulose–alkyltrim-
ethylammonium3 systems. In addition, even the slope
values correlate well with those observed in the DxS–
alkylpyridinium system.30 Thus, the similarity be-
tween a cationic amphiphilic drug molecule and a
traditional cationic surfactant with respect to the in-
teraction with a polyelectrolyte is further supported.

In addition, it is interesting to note that the slope
values of ln cac as function of added salt increase in
the order Li1 , Na1 , K1, thereby suggesting the
solvation characteristics of the alkali ions to be im-
portant also in this respect.

Comparison within the Carrageenan
System and with the DxS System

In Figure 6 the value of cac for the carrageenans are
plotted against the number of sulfate groups per dis-
accharide with 30 mM NaCl and KCl, respectively.
Figure 6 summarizes many of the features previously
described. The factor determining the relationship be-
tween the value of cac in the presence of Na1 and K1,
respectively, was found to be as follows: the flexibil-
ity in case of the lower charged carrageenans furcel-
leran andk-carrageenan, charge density fori-carra-
geenan, and in thel-carrageenan case the difference
in the OSO3

2–alkali ion specificity. A comparison
with the DxS–amitriptyline system2 further empha-

sizes the effect of the polymer chain flexibility on the
polyelectrolyte–amphiphile interaction since the
breaking point of the ln cac (ds) curves in the case of
the less flexible carrageenans with NaCl is higher.
That the breaking point is virtually the same in the
carrageenan KCl case and DxS can be ascribed solely
to the high charge density ofi-carrageenan.

Concluding Remarks

The carrageenan–amphiphile adsorption isotherms
were found, in general, to follow the polyelectrolyte
counterion affinity sequence Li1 , Na1 , N(CH3)4

1

, K1 # Cs1 ' Rb1. This sequence correlates well
with the mean activity coefficients of the carrageenans
reported previously and also with the sequence of
adsorption isotherms found for the DxS–amitriptyline
system, thus emphasizing the generality of the find-
ings. The difference between the adsorption iso-
therms, with respect to the type of polyelectrolyte
counterion present, was reduced as the polyelectrolyte
charge density decreased. In comparing the cac for
different carrageenans in the presence NaCl with that
of KCl revealed an interesting scheme. The factor
determining the value of cac in the presence of Na1

compared to K1 was found to be (a) the flexibility for
the lower charged carrageenans furcelleran andk-car-
rageenan, (b) charge density fori-carrageenan, and (c)
the difference in the ROSO3

2-alkali ion specificity in
the l-carrageenan case.

Furthermore, the effect of the polyelectrolyte coun-
terions on the sequence observed for the adsorption
isotherms shows many similarities to the helix-induc-
ing ability of the different polyelectrolyte counterions,
thus suggesting that the sulfate group may affect the
ordering of the carrageenan system. Hence, the order–

FIGURE 6 The relation between ln cac and the number of
sulfate groups per disaccharide (ds) for furcellaran andk, i-,
andl-carrageenan in 30 mM NaCl (●) and KCl (E), respec-
tively.

FIGURE 5 The dependence of ln cac on the concentra-
tion (ln Cs) of added LiCl (ƒ), NaCl (●), and KCl (E),
respectively. The slope values are given in figure.
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disorder transitions of the carrageenans seems to be
related to a very subtle balance between the ion spec-
ificity of the sulfate group, possible interaction be-
tween oxygen containing groups and alkali ions,12,31

as well as the spatial distribution of hydrophilic32 and
hydrophobic segments of the polymer.
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