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Abstract

Binding isotherms for the binding of dodecyl- (DPC) and cetylpyridinium chloride (CPC) to k-, t-, and A-carrageenan
were determined in aqueous solution without and with added NaCl at concentrations ¢y, = 0.01, 0.05, and 0.1 mol/L
by using a potentiometric technique based on surfactant-selective membrane electrodes. The critical aggregation con-
centration, CAC, values obtained from the binding isotherms are around two orders of magnitude lower in the CPC ca-
se than in the DPC one. They are almost independent of NaCl concentration in k- and t-carrageenan solutions, but in-
crease with increasing cy,, in the A-carrageenan case. Experimental isotherms were treated by the model of cooperati-
ve binding of surfactants by polyelectrolytes. Ionic strength dependence of the cooperativity parameters # and Ku was
in agreement with the rather insignificant dependence of CAC on salt concentration. The isotherms of CPC binding by
1- and A-carrageenan display a highly cooperative character with u values up to almost 800, whereas those for both sur-
factants in the presence of x-carrageenan have a considerably lower cooperativity parameter (between 3 and 10). In ad-
dition, the isotherms in the CPC/k-carrageenan case do not indicate any saturation of the polyion chain with surfactant
ions, but proceed to values of the degree of binding larger than 1. Our observations were explained by a lamellar type of
ordering of surfactant in the presence of rigid polysaccharide chains.

Keywords: Surfactant-polyelectrolyte interactions, binding isotherms, carrageenans, charge density, critical association
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1. Introduction

Addition of ionic surfactants to aqueous solutions of
an oppositely charged polyelectrolyte results in strong
electrostatic binding, which is reinforced by a cooperative
process involving aggregation of alkyl chains of the bound
surfactant ions. The phenomenon is often called polyion-
induced surfactant micellization or aggregation and it
starts at the so-called critical association concentration,
CAC."? CAC is usually far below the critical micelle con-
centration, CMC, of a particular surfactant. Research in
the area of polyelectrolyte/surfactant systems is directed
towards both synthetic and natural polyelectrolytes.
Among the latter, carrageenans are of special interest be-
cause of the important role they play in many biomedical,
pharmaceutical in technological applications.

The main reason for the wide industrial use of carra-
geenans is their ability to induce thickening and gelation
of solutions under various experimental conditions, in
particular by changing the temperature and the type of the
counterion and/or the coion.*~ Three major groups of car-
rageenans have been recognized: x-carrageenan, t-carra-
geenan, and A-carrageenan. They differ in chemical com-
position, which affects the linear charge density of poly-
saccharides in aqueous solution. Thus ideally x-carragee-
nan in solution has only one elementary charge per di-
saccharide repeating unit, t-carrageenan two, and A-carra-
geenan can bear two or three (on the average 2.7) of these
charges per disaccharide unit (see Scheme 1). Furthermo-
re, k-carrageenan and t-carrageenan form gels, whereas
no gel formation has been observed for the most highly
charged A-carrageenan.
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In many practical systems (formulations), carragee-
nans can come into contact with oppositely charged sur-
factants. One of the main goals of this work is to investi-
gate how the carrageenan charge density affects the inte-
raction with surfactants. Only a few reports address this
issue for the series of all three carrageenans presented
above.®® Caram-Lelham and Sundelsf®” have studied in-
teractions between k-, 1-, and A-carrageenan and a drug
amitriptyline by dialysis equilibrium measurements in
water. Amitriptyline is a partly aromatic compound with
amphiphilic properties. In this respect, it differs from the
most frequently encountered type of surfactants for which
the hydrophobic part of the molecule is usually a long
hydrocarbon chain. Such more common type of surfactant
was employed by Vincekovic et al.® who recently investi-
gated phase behavior in mixtures of n-dodecylammonium
chloride, DDAC, and these three carrageenans. Structural
characteristics of insoluble DDAC/carrageenan comple-
xes revealed lamellar ordering of surfactant and formation
of giant vesicles in these systems already at low carragee-
nan concentrations. Bilayer type of organization of ano-
ther cationic surfactant cetylpyridinium chloride, CPC, in
conjunction with k- and t-carrageenan chains was identi-
fied also by synchrotron small-angle X-ray scattering,
SAXS, measurements.” It seems that carrageenans as ra-
ther stiff chains tend to induce a lamellar-like arrangement
of surfactant, which enables the chains to remain in a mo-
re or less extended conformation.

In real systems, simple salts are always present and
their concentration (i.e. the ionic strength of the solution)
may vary considerably. Therefore, additional important
aspect to be explored is the effect of the added electrolyte
concentration on interaction between charged surfactants
and carrageenans. We have chosen to investigate x- and 1-
carrageenan under non-gelling conditions, that is in the
presence of NaCl; the same conditions were chosen for a
non-gelling A-carrageenan. All three carrageenans are
supposed to be in the coil conformation in NaCl solu-
tions.>'%!" Two cationic surfactants with different hydro-
carbon chain length were chosen for the study, CPC and a
shorter chain analogue dodecylpyridinium chloride, DPC.
Potentiometric measurements using surfactant-selective
membrane electrode were used to determine the degree of
binding of both surfactants by carrageenan polyions.'>!?
The binding isotherms derived there-from were analyzed
by the model of cooperative binding of surfactants by pol-
yions."

2. Experimental
2. 1. Materials

The k-, t-, and A-carrageenan samples were com-
mercial products from Sigma Chemicals Co. (Bornem,
Belgium), Types III, (No. 127H-1222), V (No. 27F-0373),
and IV (No. 58F-0604), respectively. They were purified

and transformed into sodium salts by the procedures re-
ported in the literature.*> The solid salts were stored refri-
gerated. N-dodecylpyridinium chloride (DPC, Merck,
Darmstadt, Germany) and N-cetylpyridinium chloride
(CPC, Kemika, Zagreb, Croatia) were purified by repea-
ted re-crystallization from acetone and dried under va-
cuum at 50 °C. They were stored in a desiccator.

Polysaccharide stock solutions were prepared by ca-
refully following the procedures reported in the literatu-
re.> A calculated amount of polymer was weighed into a
volumetric flask and dissolved in triple distilled water at
room temperature. Solution was heated to 75 °C and then
a calculated amount of a concentrated NaCl solution was
added drop-wise under continuous stirring. The solution
was kept at 75 °C for at least one hour. After cooling it to
room temperature, the volumetric flask was filled with pu-
re water to the graduation mark to get the desired polymer
and salt concentration. This procedure prevented any as-
sociation between carrageenan chains.>'*!!

2. 2. Potentiometry

The degree of binding, 8,"* of DPC and CPC by car-
rageenans was determined by a commonly used potentio-
metric method utilizing surfactant-selective membrane
electrodes for the determination of equilibrium concentra-
tion of free surfactant ions, ch, in polyelectrolyte solu-
tions.'>'* The electrode and the setup were described el-
sewhere.'? The binding of DPC and CPC by k-, -, and A-
carrageenan was studied at a polymer concentration, c,
equal to 5 x 10~ moles of the repeating disaccharide unit
per volume. This concentration unit is usually abbreviated
as monomol/L. The monomolar concentrations were cal-
culated by taking into account the idealized structures of
carrageenans shown in Scheme 1. All measurements were
performed at 25 °C.

OR CH2%y 0 o.

.0 O

OR, OR,

Scheme 1. Idealized disaccharide repeating unit of carrageenans:
Kk-carrageenan: R = SO;7; R, R, = H; t-carrageenan: R, R, = SO;7;
R, = H; A-carrageenan: R, R, R, = SO;". Some hydrogen atoms are
not explicitly shown.

3. Model Treatment
of Binding Isotherms

Binding isotherms (i.e. plots of the degree of bin-
ding B as a function of ¢") were treated by the Satake-
Yang model,"® which is the most frequently employed mo-
del in the treatment of surfactant binding by polyelec-
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trolytes. The authors considered nearest neighbor-interac-
tions in a linear lattice between bound surfactant molecu-
les and arrived at an exact solution for the degree of bin-
ding as a function of ¢':

1 (Knc_'é - l)

ﬂ = 5 1+ ) 1
((1 — Kucl | +4Ke! }

In this equation, K is the constant of surfactant bin-
ding to an isolated site on the polymer and u is the so-cal-
led cooperativity parameter, which expresses the extra
binding term included when binding occurs at a site adja-
cent to an already occupied site on the polyion and thus
reflects hydrophobic interactions between surfactant
hydrocarbon tails. The product Ku is the combined contri-
bution of electrostatic and hydrophobic interactions to
surfactant binding by polyelectrolytes. Both, u and Ku can
be obtained from the experimental isotherms: the measure
for u is the slope of the isotherm at the half-bound point
where = 0.5 (Eq. 2), while Ku is proportional to the in-
verse of the free surfactant concentration when half of the
sites on the polyion are occupied, designated as (Csf)[3= 05
(Eq. 3):

(D

ap _¥ 2)
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Although simple, the Satake-Yang model presents a
convenient formalism when one wants to compare surfac-
tant binding to various polyelectrolytes.

Another approach to model binding isotherms has
been presented by Hansson and Almgren,'>'® who have
introduced a simple law of mass action model for the in-
terpretation of the cooperative binding of surfactant to a
polyelectrolyte. Instead of the cooperativity parameter u,
the aggregation number N is therein a measure of the de-
gree of cooperativity. Interestingly, the Satake-Yang mo-
del and the mentioned approach'>!® arrive at virtually the
same result for the special case when 8= 0.5, which can
be seen by comparing Eq. 2 (the slope of the isotherm at
the half bound point from the Satake-Yang model) with
Eq. 4 (the slope of the isotherm as a function of N from
the law of mass action model):

@ | & @)
dinc o

Obviously, the aggregation number correlates with
the cooperativity of binding isotherms so that steep iso-

therms (large u) correspond to large micelles or aggrega-
tes (large N).

4. Results and Discussion

Figures 1-3 show binding isotherms for DPC and
CPC binding to k-, 1-, and A-carrageenan at various NaCl
concentrations. In these plots, 3 is defined as the number of
moles of surfactant ions bound per mole of polyion char-
ges. It is calculated from the relation

B==5 5)
ne,,

where ¢ " (= ¢¢' — ¢, with ¢' the total surfactant concen-
tration) is the concentration of bound surfactant and n = 1,
2, or 3 for the idealized structures of k-, 1-, and A-carra-
geenan, respectively (see Scheme 1). The value of  equal
to 1 signifies that all charges (i.e. potential binding sites)
on the polyion are occupied by surfactant ions. The degree
of binding was calculated up to a value of ¢4 around 6 x
107, 12 x 107, and 20 x 10™* mol/L for k-, 1-, and A-car-
rageenan, respectively, for both surfactants. This cg' value
is close the concentration of polyion charges in carragee-
nan solutions (see above). It was evident from the experi-
mental potentiometric curves (not reported in the paper)
that at higher ¢ the difference between the calibration
curve (no carrageenan present) and the curve in the pre-
sence of carrageenan becomes rather small, in particular
for DPC, thus causing the calculation of f3 less reliable. It
has, however, to be noted that the binding of DPC to k-
and t-carrageenan seems to proceed with the same trend
also above 8 = 0.6, which is the highest 8 value reported
for DPC in Figures 1 and 2.

All isotherms have a sigmoid shape that is typical
for cooperative binding of surfactants by polyelectroly-
tes."»1271® The CAC values were determined from the
steep increase of 8 above a well-defined free surfactant
concentration by extrapolating the data points in the coo-
perative region (the steep part of the isotherms) to f = 0.
CAC is plotted in Figure 4 as a function of the total con-
centration of sodium ions in solution, ¢, (= ¢y, + ncp),
originating from the simple salt (NaCl) and from the poly-
electrolyte. The most evident, yet usual, result is that CAC
values of DPC are around 2 orders of magnitude lower
than those of CPC. This originates from a lower hydrop-
hobic character of DPC. For both surfactants, CAC in
A-carrageenan solutions increases with Cne Whereas it is
practically independent of ¢, in solutions of k- and t-car-
rageenan. The increase of CAC with ionic strength is in
accordance with expectations and is attributed to the
screening effect of the salt on attractive polyion-surfactant
ion interactions,” whereas the relative constancy of CAC
in k- and t-carrageenan solutions may be related to a
strong (side-by-side) association tendency of these chains
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in the presence of suitable counterions. Different ions are
known to have specific effects on association and poten-
tial gelation properties of k- and 1-carrageenan
chains.>!'%!17 Although NaCl is supposed to be a non-gel-
ling salt, the presence of surfactant may be favorable to in-
duce side-by-side alignment of chains. This presumption
is confirmed by the demonstrated lamellar type of orde-
ring of surfactants in carrageenan solutions,*® which leads
either to vesicle formation® or to some other bilayer type
of structure.” We presume that this specific feature leads
to a less pronounced ionic strength dependence of CAC.

k-Carrageenan
cenlienoiens T HO
-+ 10.01 M NaCl

-- 1 0.05 M NaCl
<oy 101 M NaCl

f ¥
cs /mol L

Figure 1. Binding isotherms for the DPC and CPC binding to x-
carrageenan in aqueous solutions with increasing NaCl concentra-
tion: ¢y, = 0 (H,0), 0.01, 0.05, and 0.1 mol/L (abbreviated as M).
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Figure 2. Binding isotherms for the DPC and CPC binding to t-car-
rageenan in aqueous solutions with increasing NaCl concentration:
Crnacr = 0 (H,0), 0.01, 0.05, and 0.1 mol/L (abbreviated as M).

Beside CAC values, interactions between surfac-
tants and polyelectrolytes are often appraised by the value
of the degree of binding in the region where the isotherms
level off (so-called S, values'®). The saturation region
can be clearly defined for the CPC binding to - and A-car-
rageenan (at 8 > 0.6 and 0.7, respectively), but is only

slightly indicated in the x-carrageenan case (above 8= 0.8).
An almost continuous increase of §in CPC/k-carrageenan
(and also in DPC/k-carrageenan) solutions may repea-
tedly be explained by some type of bilayer structure. Inte-
restingly, 3, values are the lowest for A-carrageenan that
has the highest charge density. Obviously, distribution of
charges, chain stiffness, and steric effects play an impor-
tant role. It is well known that A-carrageenan is not capab-
le of forming an ordered domain of aligned helices, as are
k- and t-carrageenan, due to a higher number of sulfate
groups that enhance the rod-like conformation.'” The par-

1.2 —
i-carrageenan
PR AP :H?O
1.0k ome 1001 MNaCl
. “+-Q------@-- 1 0.05 M NaCl
IR

-+ 1 0.1 M NaCl

é‘I]. -

S e e—
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Figure 3. Binding isotherms for the DPC and CPC binding to A-
carrageenan in aqueous solutions with increasing NaCl concentra-
tion: ¢y, = 0 (H,0), 0.01, 0.05, and 0.1 mol/L (abbreviated as M).
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Figure 4. Dependence of the critical aggregation concentration,
CAC, values for the DPC and CPC binding to k-, t-, and A-carra-
geenan on the total concentration of sodium ions, ¢y, in solution:
Cna G + ncp).

ticular distribution of sulfate groups may also cause that
charges are less accessible for surfactant cations due to
steric hindrance. As a consequence, f3,, is lower in compa-
rison with the other two carrageenans. In the case of DPC,
the measurements were not performed up to concentration

values where the saturation would be observed.
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A two-parameter fit of binding isotherms was obtai-
ned by applying Eq. 1. The solid lines in Figures 1-3 are
the best fits of the experimental data to Eq. 1 at lower de-
grees of binding.'* The resulting binding parameters u and
Ku are summarized in Table 1. Although both # and Ku can
be determined in this way in majority of cases, the strong
cooperativity exhibited by the isotherms in Figure 3 (DPC
and CPC binding to A-carrageenan) makes the precise de-
termination of u difficult. However, Ku, which equals the
reciprocal of the free surfactant concentration at 8 = 0.5
(Eq. 3), can be determined accurately. Individual values of
u in A-carrageenan solutions varied between 120 and 660
and between 500 and 1000 for the DPC and CPC case, res-
pectively. Due to great uncertainty, no particular trend of u
on salt concentration could be deduced.

respectively. In agreement with the above discussion, the
large difference in slope suggests that aggregation of sur-
factants in the presence of carrageenans is different from
the usual micelle formation.

Finally, we turn our attention to the cooperativity
parameter u. As outlined above, no particular trend of u
with increasing ionic strength could be observed. Similar
behavior of u was previously observed for the binding of
dodecyltrimethyammonium bromide, DTAB, to sodium
dextrane sulfate, NaDxS,'* also a sulfated polysaccharide.
Carrageenans and NaDxS all have hydrophilic backbones;
consequently, the cooperative effect of binding of surfac-

tants is due completely to the hydrophobic interaction bet-
ween bound surfactant ions, i.e. no hydrophobic interac-
tion between surfactant and the polyelectrolyte is invol-

Table 1. Binding parameters for the DPC and CPC binding to k-, -, and A-carrageenan in aqueous solu-

tions without or with added NaCl.

DPC CPC
Cha u Ku x 10° u Ku x 10°
(mol L) (mol L) (mol L)
K-carr. 0 10x1 3.90 = 0.05 3.7+0.7 390 + 14
(250 + 60)
0.01 8x2 34+0.1 39+0.6 362 =11
(150 + 40)
0.05 13+1 3.3+0.1 54+1.5 334+16
(110 + 40)
0.10 101 2.9+0.03 9+2 170 + 4
(33+9)
1-carr. 0 59+0.7 2.35 +0.05 110 £ 70 990 + 30
0.01 55=+1 2.22 +0.06 110 £40 650 + 12
0.05 641 2.11 £0.05 70 =30 640 + 20
0.10 52+04 2.27 +£0.03 130 = 60 560 + 13
A-carr. 0 18+1 2100 =12
0.01 340 15+1 760 1820 = 25
0.05 +120 13+7 +340 953 + 27
0.10 74+04 583 +33

The dependence of the product Ku on ¢, is paral-
lel to that of the reciprocal value of CAC because it ref-
lects the position of the isotherm on the concentration ax-
is (see Eq. 3). It can be seen that Ku decreases with increa-
sing salt concentration in A-carrageenan solutions, in ac-
cordance with the previously found increasing trend in
CAC. In x- and 1-carrageenan solutions, Ku is more or less
independent of salt concentration, again in accordance
with the insensitivity of CAC to ionic strength. In compa-
rison with other polyelectrolyte/surfactant systems, where
the slopes of log Ku vs. log ¢y, curves are around —0.7
(e.g. in the DTAB/NaDxS case'®), the slopes in the pre-
sence of carrageenans are between —0.01 and —0.3 in
DPC/carrageenan and between —0.06 and -0.5 in
CPC/carrageenan solutions. The slopes of the log CMC
vs. log ¢y, curves, obtained from the CMC data of DPC
and CPC in aqueous NaCl solutions'” are —0.55 and —0.64,

ved. This in turn implies that the variation of Ku with
Cnacy 1D these systems comes solely from the dependence
of K on the ionic strength of the solution. Because the as-
sociation between polyion and surfactant ions is favored
by the release of polyion counterions, the main effect of
salt on K should be attributed to the entropy of mixing of
surfactant and simple ions.?® This effect is the largest for
the no added salt case.

The value of u in k- and t-carrageenan solutions is
rather low (between 3 and 10), except in the CPC/1-carra-
geenan system where u is around 100. Usually, u is higher
for surfactants with longer hydrocarbon chains. However,
in k-carrageenan solutions the cooperativity of DPC bin-
ding is around 2-times higher than that of CPC. The va-
lues of u, reported in Table 1 for CPC/x-carrageenan case,
refer to the region of the isotherms with B > 0.2 (see the
solid lines in Figure 1). By fitting the data points to Eq. 1

Kogej: Binding of Cationic Surfactants by Kappa, lota, and Lambda Carrageenans ...

989



990

Acta Chim. Slov. 2008, 55, 985-991

in the region 8 < 0.2, a considerably higher cooperativity
parameter is obtained (see the values reported in brackets
in Table 1, from which the dashed curves in Figure 1 were
calculated), suggesting that initially cooperativity is rather
high for CPC binding to x-carrageenan. This is consistent
with a larger hydrophobic character of CPC in compari-
son with DPC. However, after some charges on the x-car-
rageenan chain have been blocked by CP* cations, the
cooperativity decreases and becomes comparable with
that of DP* cations. We presume that the tendency of x-
carrageenan chains to form some type of aligned structure
prevails over surfactant hydrophobicity in their mutual
complexation. In addition, since binding isotherms do not
show any explicit plateau region, this type of binding ob-
viously proceeds above the charge neutralization point (J
> 1), in agreement with literature reports.” The reason why
such behavior was not observed with t- and A-carragee-
nans is not completely clear. It may be that the higher
charge density of these chains favors first the saturation of
the polyion and only after a sufficient excess of the surfac-
tant has been added can a more widely extended bilayer
structure be formed. In our study, cases with surfactant to
polyelectrolyte molar ratios considerably larger than 1
were not investigated.

5. Conclusions

The binding of CPC and DPC to k-, t-, and A-carra-
geenan was studied in aqueous solutions in the presence
of NaCl by using the potentiometric method based on sur-
factant-selective membrane electrodes. The major obser-
vation of this study is that interaction between cationic
surfactants and carrageenans, as evaluated by parameters
such as critical aggregation concentration CAC, coopera-
tivity parameter u, and cooperativity binding constant Ku,
does not depend considerably on salt concentration. Our
findings can be explained by a lamellar type of ordering of
surfactant in conjunction with carrageenan chains that is
favored by the strong tendency of rigid polysaccharide
chains towards side-by-side alignment. This specific fea-
ture weakens the usually very pronounced ionic strength
dependence of CAC, u, and Ku, which is observed in other
mixed polyelectrolyte/surfactant systems.
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Povzetek

S potenciometricno metodo na osnovi surfaktantne ionoselektivne electrode smo dolocili izoterme vezanje dodecil-
(DPC) in cetilpiridinijevega klorida (CPC) na k-, t- in A-karagene v vodnih raztopinah brez in z dodatkom NaCl s kon-
centracijami ¢y, = 0,01; 0,05 in 0.1 mol/L. Iz izoterm vezanja smo dolocili kriti¢ne koncentracije agregacije, CAC. Te
so priblizno dva velikostna razreda niZje za CPC kot za DPC in skoraj neodvisne od koncentracije NaCl, v raztopinah
k- in t-karagena, medtem ko v raztopinah A-karagena nara$¢ajo z nara$¢ajoco cy,. Eksperimentalne izoterme smo
obravnavali z modelom kooperativnega vezanja surfaktantov na polielektrolite. Odvisnost kooperativnostnih parame-
trov u and Ku od ionske moci raztopine je bila v skladu z dokaj neizrazito odvisnostjo CAC od koncentracije dodanega
NaCl. Izoterme vezanja v primeru t- in A-karagena kaZejo mo&no kooperativen karakter z vrednostmi parametra u do
skoraj 800, medtem ko je le-ta v prisotnosti k-karagena precej manjsi (med 3 in 10). Poleg tega izoterme za vezanje
CPC na x-karagen ne kazejo, da bi v tem sistemu priSlo do nasic¢enja verige poliiona z ioni surfaktanta, ampak se veza-
nje nadaljuje tudi za stopnjo vezanja nad 1. NaSa opaZanja smo razloZili s predpostavko o lamelarnem nacinu urejanja
surfaktanta v prisotnosti togih verig polisaharidov.
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