International Journal of Pharmaceutics 421 (2011) 110-119

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at SciVerse ScienceDirect ! o
8 PHARMACEUTICS
o

P
(T

Doxazosin-carrageenan interactions: A novel approach for studying
drug-polymer interactions and relation to controlled drug release

Matej Pavli®P, Sa§a Baumgartner?, Petra Kos?, Ksenija Kogej*

2 Faculty of Pharmacy, University of Ljubljana, ASkerceva 7, SI-1000 Ljubljana, Slovenia
b Krka d.d., Novo mesto, Smarjeska cesta 6, SI-8501 Novo mesto, Slovenia
¢ Department of Chemistry and Biochemistry, Faculty of Chemistry and Chemical Technology, University of Ljubljana, ASkerceva 5, P.0. Box 537, SI-1001 Ljubljana, Slovenia

ARTICLE INFO

Article history:

Received 13 July 2011

Received in revised form

14 September 2011

Accepted 19 September 2011
Available online 21 September 2011

Keywords:

Drug-polymer interactions
Binding isotherms
Electrostatic interactions
Cooperativity

Hydrophobic effect
Controlled release

ABSTRACT

When a cationic drug like doxazosin mesylate (DM) is incorporated into matrix tablets made of anionic
polyelectrolytes carrageenans (CARRs) of different types (k-, v-, A\-CARR), DM-CARR interactions have
a strong impact on drug release. To investigate these interactions, special DM ion-selective membrane
electrode was made and applied for construction of binding isotherms. Isotherms were treated by the
Zimm-Bragg theory and cooperative binding model. It was demonstrated that binding of doxazosin
cations, DH*, to CARRs is cooperative. It starts at very low drug concentrations with strong electrostatic
interactions followed by aggregation of DH* ions. Hydrophobic interactions between bound DH* substan-
tially contribute to the extent of binding. The strength of interactions increases with increasing negative
charge of CARRs. At saturation, the number of DM molecules bound per repeat unit depends on the charge
and steric distribution of binding sites on CARRs. Drug release rates of DM from CARR matrices were in
accordance with the cooperativity binding constants: the weakest binding resulted in the fastest release.
However it was proven that prolonged drug release is possible only by several processes running simul-
taneously, i.e., by swelling and erosion of CARR matrices on one side and electrostatic interactions and

cooperativity effects on the other.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Charged polymers, polyelectrolytes, are often used as sustained
release agents in pharmaceutical formulations (Bhardwaj et al.,
2000; Coviello et al., 2007; Nanaki et al.,, 2010; Omidian and Park,
2008). Besides their swelling/water uptake and erosion properties,
which are profitably used for sustained drug release, the release of
oppositely charged drugs may be strongly affected by the occur-
rence of charge-charge and other interactions frequently leading
to complex formation (Bonferoni et al., 2000; Graham et al., 1963;
Lelham and Sundelo6f, 1995). In majority of cases the result of
polyelectrolyte-drug interactions is an additional prolongation of
drug release.

The polyelectrolyte-drug complexes have been under focus of
several researchers (Bonferoni et al., 2000; Graham et al., 1963;
Lelham and Sundel6f, 1995; Persson et al., 2000). However, limited
data is available concerning the understanding of the underlying
mechanisms involved in the formation of drug-polyion complexes.
Complexity of interactions depends on the nature of both, polyelec-
trolyte and drug, on the solvent medium and on temperature and
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has to be studied carefully. It is often still misinterpreted that only
electrostatic interactions between ionic polymers and oppositely
charged drugs are involved in complex formation.

In order to demonstrate the advantages that complexes between
ionic polymers and drugs offer for “advanced” sustained drug
release, only pre-made complexes have been investigated (Aguzzi
et al., 2002; Bonferoni et al., 2000). One of the main goals was to
find the optimal ratio between the drug and polymer, which would
offer optimal properties for controlled drug release. For this pur-
pose, drug-polymer complex formation has to be apprized from
the view-point of the amount of drug bound by the polymer. In
order to determine binding properties of adrug by anionic polymer,
the dialysis equilibrium technique, which requires the use of spe-
cial dialysis cells, was usually used (Bonferoni et al., 2000; Lelham
and Sundelof, 1995). However, the main obstacle of the dialysis
equilibrium technique approach lies in a large number of experi-
ments needed for constructing the binding isotherm. In addition,
experiments are time consuming, taking up to 2 days before the
equilibrium is reached.

A different experimental approach was used to study the bind-
ing of small amphiphilic (surfactant) molecules by polyions. Special
ionic surfactant selective membrane electrodes have been suc-
cessfully applied to determine surfactant-polyelectrolyte binding
isotherms (Benrraou et al., 1992; Hayakawa and Kwak, 1982;
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Fig.1. Structural formula of doxazosin mesylate (DM: C;3H24N505 x H* x CH3S03™).
The protonated form of doxazosin, i.e., the doxazosin cation (C23H24N505 x H*), is
abbreviated as DH* in the text.

Satake and Yang, 1976). The advantages of these specially designed
membrane electrodes for binding studies were proven to include:
(i) excellent sensitivity and reproducibility, normally far superior to
results obtained from equilibrium dialysis experiments relying on
spectrophotometric or volumetric concentration determinations,
(ii) small sample volume, (iii) almost instantaneous binding deter-
mination, and (iv) electrode tolerance to large excess of inorganic
electrolytes (Hayakawa and Kwak, 1982). Furthermore, binding
isotherms were successfully analyzed and binding mechanism was
explained by applying the theoretical treatment for cooperative
binding with the nearest-neighbour interaction model, which is
based on the Zimm-Bragg theory for the cooperative coil-to-helix
transition (Satake and Yang, 1976). By this combined approach, it
was demonstrated that the cooperative binding is a consequence
of both electrostatic interactions between the polyion and oppo-
sitely charged surfactant ions and of the so-called hydrophobic
interactions between bound surfactant ions, which are due to their
amphiphilic nature. In the case of drug binding by ionic poly-
mers, on the contrary, practically no theoretical treatment of the
binding isotherms was performed that could shed more light on
drug-polymer interactions.

Polyelectrolytes that have attracted much attention due to the
possibility of the coil-to-helix transition and to the related ion
specificity are carrageenans (CARRs). CARRs are linear, anionic, par-
tially sulphated galactans extracted from many species of red algae,
the Rhodophyceae. They are composed of D-galactose residues
linked alternately with a- (1-3) and B- (I->4) linkages. These sul-
phated galactans are classified according to the presence of the
3,6-anhydrogalactose on the 4-linked residue and the position and
the number of sulphate groups (Reilly, 2005). The most impor-
tant types of carrageenans are k-, .-, and A-carrageenan, herein
abbreviated as k-, t-, and A-CARR, respectively.

In the ideal case, k-CARR has only one sulphate group per dis-
accharide repeating unit, .-CARR has two, whereas N-CARR has
three sulphate moieties per disaccharide unit. Thus, CARRs dif-
fer strongly in their linear charge density. Additional differences
apply to their ability to form gels. k- and +-CARRs contain the 3,6-
anhydrogalactose unit and are gelling polymers, whereas A\-CARR
with only galactose residues is considered as a non gelling, water
soluble polymer, which forms very viscous solutions (Rees, 1977;
Rochas et al., 1986; Yuguchi et al., 2002). CARRs are often used in
food products as thickeners and stabilizers; however, their usage
is increasing also in pharmaceutical formulations. They are con-
sidered as ‘generally recognized as safe’ (GRAS) and are also of
pharmaceutical grade. Polyelectrolyte nature of CARRs was shown
to have a crucial influence on the drug release behaviour (Singh and
Lelham, 1998).

Doxazosin (Fig. 1) is a cationic drug, a selective a-antagonist,
used for the treatment of hypertension. It also blocks the o-
receptors in the prostate gland and alleviates the symptoms of
benign prostatic hyperplasia. Therapeutic dose is between 1 and
16 mg, available also as a once daily dosing in controlled release

formulations, leading to increased patient compliance (Griffith,
2002). Despite its cationic properties, which give hydrophilicity to
the molecule, doxazosin has a large hydrophobic character and can
therefore be recognized as an amphiphile. It is most often used
in the form of a mesylate. According to calculations of Kinsella
et al. (2006), mesylate salt of doxazosin (doxazosin mesylate, DM)
is most probably formed by protonation of one of the potentially
protonisable nitrogens on the quinazoline ring, but the protona-
tion site is not defined. In the following, the designation DH* will
be used for the doxazosin cation.

Our previous studies showed that simultaneous presence of
CARRs and DM in a matrix formulation can be used for additional,
more than 24 h sustained drug release (Pavli et al., 2010a,b). In
the present paper we want to further investigate DM-CARR inter-
actions, which caused this additional prolongation of DM release
from CARR matrices. For this purpose comprehensive binding study
of DM by various CARRs was performed. The aim of our study
was three fold: (i) to construct special DM selective membrane
electrode and to apply it to study the binding of DH* by CARRs
under various experimental conditions, (ii) to provide theoretical
treatment of binding isotherms based on the nearest-neighbour
interaction model (Satake and Yang, 1976), and (iii) to explain the
DM release mechanism from CARR matrix tablets based on the
knowledge of DM-CARR interactions in solution. As far as we could
ascertain, our report is the first on the use of such electrodes for
the evaluation of the degree of drug binding by polymers in solu-
tion and presents a new approach in understanding the drug release
mechanisms from advanced dosage form.

2. Materials and methods
2.1. Materials

Pharmaceutical grade carrageenans k-CARR (Gelcarin GP 911
NF), .-CARR (Gelcarin GP 379 NF), and A-CARR (Viscarin GP 209 NF)
were obtained from FMC Biopolymers (USA). Average molecular
weight of k- and v-CARRs was in the range 400-600 kDa, whereas
that of A-CARR was 400-800 kDa. These CARRs were used without
further purification, as received, and are in the following denoted as
unpurified. Additionally purified, in our study denoted as purified,
K-, .- and A-CARR samples, were commercial reference products
from Sigma Chemicals Co. (Bornem, Belgium), Types III (No. 127H-
1222), V (No. 27F-0373) and IV (No. 58F-0604), respectively. They
were thoroughly purified by dialysis and transformed into sodium
salt forms by the procedures reported in the literature (Bongaerts
et al., 1999, 2000; Denef et al., 1998). The solid salts were obtained
by freeze drying and were stored in refrigerator.

Doxazosin mesylate (DM; Cy3Hy5N505 x CH3SOsH;
M=547.58 g/mol), was supplied by Krka, d.d. (Slovenia). The
solubility of DM in water at 25°C is 2.6 mg/mL (=4.74 x 10-3 mol/L
or shortly M) and at 37°C it is 2.9 mg/mL (=5.3 x 1073 M).

2.2. Potentiometry

2.2.1. Preparation of the membrane ionselective electrode (MIE)

The active part of the electrode is the membrane. A membrane
selective to DH* was prepared from 23 wt.% poly vinyl chloride
(PVC), 76 wt.% dioctyl phthalate (DOP) and 1.3 wt.% carrier com-
plex (Hayakawa and Kwak, 1982; Satake and Yang, 1976). The
carrier complex was prepared by dissolving equivalent amounts
of DM and sodium dodecyl sulphate (SDS) in water. The result-
ing white precipitate, the insoluble DH*-DS~ complex (where DS~
denotes the dodecyl sulphate anion), was washed repeatedly with
water followed by drying in vacuum at 50-60 °C. The carrier com-
plex was dissolved in 5mL of tetrahydrofuran (THF) by heating.
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Fig. 2. A schematic representation of the galvanic cell with the membrane ion-selective electrode (MIE) sketched on the right side and the reference electrode (SCE) sketched

on the left.

PVC was added into the heated mixture, followed by the addi-
tion of DOP. The clear viscous solution was cast into a petri dish
of 5cm diameter. THF was left to evaporate gradually, after which
a thin solid membrane layer was obtained of approximately 1 mm
thickness. A piece of the resulting PVC membrane was glued to
the bottom of a hard PVC tube with a 1cm diameter by using a
THF solution of PVC as an adhesive. PVC tube was filled with the
reference solution with a concentration 1 x 10~ M DM in 0.01 M
NaCl. The upper part of the tube was then closed with a cover-
ing containing a pinhole, enabling the contact between the applied
Ag/AgCl electrode and the reference solution in the tube. As the
reference electrode, the saturated calomel electrode (SCE) was
used.

2.2.2. Galvanic cell

The potential difference, E, was measured for the following gal-
vanic cell: SCE | sat. KCI || test solution | PVC membrane | reference
DM solution | AgCl, Ag (where || denotes the salt bridge; Fig. 2). The
potential difference was monitored with the pH-meter ISKRA (MA
5740) at 25°C and 37 °C. The titration technique was used to deter-
mine the dependence of E on the total DM concentration, cf,,. First,
E was determined as a function of cf,, in solution without added
CARR; these data represented the calibration curve. 10 mL of triple
distilled water was placed into the cell. Small amounts of DM solu-
tion with a concentration of 0.004 M were added into the cell with
a microburette. After each addition of DM, the potential difference
between the indicator and reference electrode was measured. It
reached a constant value a few minutes after each addition. Cali-
bration curves were determined at 25°C and 37 °C. Afterwards, the
dependence of E on DM concentration in the presence of CARR was
measured. Instead of water, 10 mL of an aqueous CARR solution
was placed into the cell. The concentration of CARR solution in the
cell was 5 x 10~* moles of polymer charges per volume, denoted
as monomol/L. So-called ‘monomolar’ concentrations were calcu-
lated on the basis of the idealized CARR structures (Fig. 1). Small
amounts of 0.004 M DM solution were then added to the CARR solu-
tion with a microburette. With each addition of DM solution, the
same volume of the CARR solution with 2-times higher concentra-
tion compared to the CARR concentration in the cell was added. In
this way, the concentration of CARR in the cell was kept constant
during the whole experiment, i.e., DM additions did not cause dilu-
tion of CARR in the cell. After each DM addition, potential difference
between the indicator and reference electrode was measured in the
same way as previously.

2.2.3. Potentiometric method for the determination of the free
DH* concentration

The potential difference E of the galvanic cell in Fig. 3 is defined
as the difference between the indicator MIE (Ej,q) and reference
SCE (E,ef) electrode potentials. By taking into account that E,.f is
constant and writing the Nernst equation for the potential of the
MIE electrode, one obtains the following expression for E:

RT
E= Eind - Eref = Ei(Ld + (T) ln(CDH+) - Eref

2.303RT
—E + (T) log(cpy+) (1)

Here, EO 4 Is the standard electrode potential of MIE, R is the gas
constant (8.314] K-1 mol-1), T is the absolute temperature, F is the
Faraday constant (96 485Asmol-1), cp,+ is the concentration of
monovalent DM* ions in mol/L, and E'(= E&d — E,f) includes the
constant potential terms. In the last part of Eq. (1), the natural
logarithm was replaced by the decade one. According to Eq. (1),
E is a linear function of log(cpy+ ). The numerical value of the con-
stants 2.303RT/F, which determines the theoretical slope of the E
vs. log(cpy+) plot, is equal to 0.0592 and 0.0615V at 25 and 37°C,

180} T=25°C,H0O
—+— (calibration curve)
—o——+—-=CARR

160 |

I

= : /° .5/"“.
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Fig. 3. The potential difference, E, vs. the logarithm of the total DM concentra-
tion, log(c‘DM); calibration curve (¢): ccarr =0; curves in the presence of CARR with
Ccarr =5 x 1074 monomol/L: purified (empty circles) and unpurified (filled circles)
1-CARR at 25°C. The evaluation of the amount of bound DM, Acpy, and the corre-
sponding concentration of free DM, CEM, are indicated.
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respectively. Eq. (1) is the basis for the determination of the free
DH* concentration in solution from the measured value of E. Note
that cpy+ is equal to cpy.

2.3. Drug release from CARR matrix tablets

From homogeneously mixed powders of CARR of each type
and doxazosin (8 mg per tablet), matrix tablets (300 & 10 mg) were
compressed using a tableting machine (Killian SP 300, Germany).
The hardness of all tablet formulations was adjusted to 80-120N
(VanKel VK 200, USA; hardness tester; n=6); tablets were flat-faced
with a diameter of 10 mm. Dissolution studies were performed on
a fully calibrated dissolution apparatus using the basket method
(USP Apparatus I, VanKel Dissolution Apparatus, model VK 7000,
USA). Paddle speed was kept at 150 rpm, the volume of the dissolu-
tion medium (0.0075 M phosphate buffer, pH 7.0) was 900 mLand T
was 37.0 £ 0.5°C. At predetermined time intervals, 10 mL samples
(not replaced) were withdrawn, filtered through 0.45 pm mem-
brane filters, and analyzed by UV spectrophotometry at 249 nm (HP
diode array UV spectrophotometer, 8453, Germany). All dissolution
studies were performed at least six times.

3. Results and discussion

3.1. Performance of the electrode, binding isotherms and the
model of cooperative binding

The potential of MIE depends on the concentration of free
(unbound or un-associated) DM in solution (CBM )and is not affected
by either aggregated/associated or polymer-bound DM (Benrraou
et al., 1992; Hayakawa and Kwak, 1982, 1983; Kogej, 2007; Kogej
and Skerjanc, 2001; Satake and Yang, 1976). Consequently, the elec-
trode may be used for the determination of the amount of DM
bound by carrageenans. In DM solutions in the absence of poly-
electrolyte (cp =0; cp is the concentration of CARR), the response
of the electrode follows Eq. (1). The E vs. log(cpy ) plot is linear in
a broad concentration range as presented by the calibration curve
(Fig. 3).

In the presence of a polyelectrolyte like CARR, the observed
potentiometric curve deviates from the linear calibration line due
to the adsorption/binding of DM by CARR. The difference between
the curves measured in the presence of CARR and the calibra-
tion curve gives information on the amount of DM that is bound
by CARR. This quantity is expressed as Acpy: Acpy = CBM - c]gM,
where cf,, is the total DM concentration in solution. The data are
presented in the form of binding isotherms, where degree of bind-
ing represented by B (=Acpm/cp) is plotted vs. log(c]f)M) (Fig. 4).
Binding isotherms determined by this approach are superior in
comparison with the equilibrium dialysis data (Fig. S1). Although
the same trend of S values is observed the low quality of the data
obtained from equilibrium dialysis prevents reliable theoretical
treatment similar to the one presented in this paper.

The shape of binding isotherms for the DM binding by .-CARRs
(Fig. 4) is similar to those reported in the literature (Hayakawa and
Kwak, 1982, 1983; Shirahama, 1998; Goddard, 1993). The degree
of binding is very small at c]f)M below ~0.7 x 10~ M for both the
purified and unpurified CARR samples. Above a well defined con-
centration, known as the critical association concentration (CAC)
(Linse et al., 1998), a very steep increase is observed, after which 8
levels off. Such sigmoid shape of binding isotherms is well-known
in the field of surfactant binding by polyelectrolytes (Kogej and
Skerjanc, 2001) and indicates the cooperative nature of DM bind-
ing by CARR polyions, resembling the polyelectrolyte-surfactant
case. The cooperative process involves strong electrostatic interac-
tions between DH* and oppositely charged CARRs, which depend

12} T=25°C HO
—o——+— 1-CARR
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Fig.4. Examples of binding isotherms for the DM binding by purified (empty circles)
and unpurified (filled circles) .-CARR at 25°C: CAC denotes the critical association
concentration and Ssar the saturation degree of binding (see text).

significantly on the polyion charge density, and the so-called
hydrophobic interactions between the bound DH* cations, arising
from the amphiphilic nature of DM. Due to strong accumulation
of DH* cations in the electrostatic field of the polyions the dis-
tance between DH" ions is sufficiently small for the hydrophobic
interactions between the hydrophobic parts of DM to take place.
Similarly to the surfactant-polyion case, where surfactant is bound
in the form of polyion-induced micelles, one can propose that DH*
is bound by CARR polyions in the form of aggregates and not as
single ions. This is a characteristic property of cooperative binding
described in the model below.

Due to the described cooperative process, very extensive DM
binding by CARRs is detected above the CAC. The stronger is the
interaction between DM and CARR the lower is the CAC (Kogej and
Skerjanc, 2001). In practice, CAC can be determined from the steep
part of the B vs. log C]f)M curve by extrapolating the data points in
the cooperative region to 8=0 (Fig. 4). The steep cooperative part
of the isotherm is followed by a plateau region of almost constant 8
values and increasing c]f)M, which indicates saturation of the polyion
with DM. The value of g in the saturation region is herein denoted
as Bsat (Fig. 4). After the plateau region, the slope of the isotherm
increases again, which is most probably due to some different type
of DM aggregation/association in solution close to the solubility
limit of the drug in the aqueous medium.

In studies dealing with surfactant binding by polymers
(Benrraouetal., 1992; Lelham and Sundel6f, 1996; Satake and Yang,
1976), such binding isotherms were successfully analyzed using the
theoretical treatment of cooperative binding based on the nearest-
neighbour interaction model (Lelham and Sundeldf, 1996; Schwarz,
1970). The above described characteristics of the DM-CARR bind-
ing isotherms encouraged us to use the same treatment also in the
present study.

According to the Zimm-Bragg model, the binding of a ligand, L*,
by a polymer is represented by two equilibria:

(00) + L™ <55 (01) 2)
o1+ L& a1 3)
where (00) represents two unoccupied polyion binding sites, (01)
an unoccupied binding site next to an occupied one, and (11) two
adjacent occupied sites. In our case ligand L* is DH* and K is the
binding constant for the DH* binding to an isolated binding site
on the CARR polyion. The quantity u is the cooperativity param-
eter, which is determined by hydrophobic interactions between
the bound DH"* ions. The product Ku is the cooperative binding
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constant that applies to the binding of DH* to a site adjacent to an
already occupied site and thus parameter u reflects the contribu-
tion of hydrophobicinteractions to such binding; these interactions
clearly affect (increase) the binding constant. Binding is regarded
as non-cooperative if u equals 1 (i.e., Ku=K), as cooperative if u is
larger than 1 (Ku>K) and as anti-cooperative if u is lower than 1
(Ku <K). According to the model, only one ligand can bind per one
binding site on the polyion, which means that the maximum pos-
sible value of 8 is 1. The term “site” is used in the framework of
the model merely to indicate that one ligand can occupy (block)
only one charged group on the polyion. In reality, DM binds to the
electrostatic atmosphere of the highly charged polyions.

Schwarz (1970) and Satake and Yang (1976) derived the follow-
ing expression for the degree of binding, 8, which can be used to
analyze the binding isotherm:

Kucf  —1
L P DM

. 7 (4)
((1 = Kuck,,)™ + 4Kck,,)

The slope of the isotherm at the half-bound point (at 5=0.5) is
related to parameter u by the relationship:

d ul/2
UL (5)
dincpy /g o5 4
and the product Ku is determined from
Ku(chy)pos = 1 (6)

Eqgs. (4)-(6) were used to analyze the experimental binding
isotherms in DM-CARR mixed solutions and yielded values of K,
Ku and u.

Eq. (4) was derived by different approaches (Schwarz, 1970;
Satake and Yang, 1976; Shirahama et al., 1981) and its limitations
have been critically reviewed in the literature (Goddard, 1993;
Shirahama, 1998; Shirahama et al.,, 1981). It has been pointed
out that the model applies to the region of the isotherm (usu-
ally at 8<0.5) where ligand binding does not seriously alter the
electrostatic potential on the polyion. Consequently, larger devia-
tions between calculated and experimental isotherms are usually
observed for S values approaching 1. The determination of the bind-
ing constant Ku (related to the position of the isotherms on the
x-axis, cf. Eq. (6)) is quite accurate, whereas parameter u (related
to the slope of the isotherm at 8=0.5, cf. Eq. (5)) is less accurately
determined. Still, the model is very appropriate when the purpose
of calculating parameters Ku and u is to compare structurally very
similar systems, as is the case with carrageenans used in our study.
This is also the way how the model was applied in our investigation.

3.2. Binding of DM by CARRs at 25°C

InFig. 5, plots of E vs. log cf,, are shown for all systems at 25 °C.
Theresponse of the MIE in the absence of CARR is linear from around
7 x 1078 to around 3 x 10-*M DM with a slope 51.2 mV/decade,
which is close to the theoretical value of 59.2 mV/decade (cf. Eq.
(1)). The deviations from linearity observed at higher concentra-
tions may be attributed to the proximity of the solubility limit of
DM. Curves in the presence of CARRs are different for each CARR
type and differ also for purified and unpurified CARRs.

Binding isotherms constructed from the data in Fig. 5 are shown
in Fig. 6. In order to be able to apply the model of cooperative
binding to treat the isotherms, the degree of binding is calculated
per one binding site on the polyion, i.e., per one charged/sulphate
group. Therefore, ¢, in equation for B is expressed in moles of
sulphate groups on CARR chains per volume. Note that in v- and
A-CARRs case this concentration is not equal to the concentration
of repeat units. Thus, the thin lines in Fig. 6 are drawn through

T=25°C, HZO
—+— calibration curve
—0——a—; A-CARR
150 | —c——e—: -CARR
—t— b .-.CARR

50

45 40 35 -3.0
log (c,, /molL")

Fig.5. The dependence of E on the logarithm of the total DM concentration, log(cf,,, ),
at 25°C: calibration curve (¢) and curves in the presence of purified (empty circles)
and unpurified (filled circles) CARRs: A- (CJ/M), - (O/®) and k-CARR (A/a).

experimental points to lead the eye and the thick lines represent
the two-parameter fit of binding isotherms according to Eq. (4). It
can be seen that Eq. (4) gives a satisfactory fit of the data points
for B values below approximately 0.5-0.7, in agreement with the
above discussion on model limitations. One of the reasons for devi-
ations of the calculated isotherms from the measured data points
at increasing beta values could also be the fact that the electrolyte
(NaCH3S03) concentration in solution increases upon DM bind-
ing by CARRs due to the release of Na* (originating from CARRs)
and CH3SO3~ ions (originating from DM) into the solution. At a
1:1 molar ratio between DM ions and charged groups on CARRs
and for complete binding of DM by CARRs this would amount to
a NaCH3S03 concentration of 5 x 10-4 M. The electrolyte screens
attractive interactions between oppositely charged CARRs and DM
and thus affects the degree of binding. However, it can be deduced
from the data in the literature (Goddard, 1993; Hayakawa and
Kwak, 1982, 1983; Kogej and Skerjanc, 2001) that the effect of such
low electrolyte concentrations (5 x 104 M) on binding isotherms
is negligible.

1.4
| T=25°C, HZO

12 —o——=—:2-CARR

¢ —o——e—:+-CARR

f —a——a—: x-CARR

1.0}

0.8+

06

0.4

0.2+

0.0

f -1
Cou / mol L

Fig. 6. Binding isotherms for DM binding by purified (empty circles) and unpurified
(filled circles) CARRs at 25°C: - (CJ/M), - (O/®) and k- (A/a) CARR. The thick lines
represent the two-parameter fit of binding isotherms (Eq. (4)) and the thin lines are
drawn through experimental points to lead the eye.
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Table 1
Critical aggregation concentration, CAC, values for DM binding by CARRs at 25 and
37°C.

T(°C) 105 x CAC (mol/L)
Unpurified Purified

N-CARR 25 1.1 0.8

37 1.2 1.0
1-CARR 25 9 4.8

37 16 14
k-CARR 25 39 17

37 39 34

The positions of the isotherms along the log CEM axis (i.e., CAC
values) indicate that DM is most strongly bound by A-CARR (CAC
is the lowest), followed by t- and k-CARRs. The sequence A >1>k
is in accordance with the number of charged ester sulphate groups
per disaccharide unit and thus with the polyion charge density.
Binding isotherms for unpurified CARRs are shifted to the right,
i.e., to higher CAC values, indicating a weaker interaction in com-
parison with the purified forms (Table 1). However, the sequence
A\ > >k is retained. The shift to higher CAC can be explained by the
screening effect of simple salts, which are certainly present in the
unpurified CARR samples. In purified CARRs, the simple salts and
any other impurities were removed by exhaustive dialysis against
triple distilled water. In unpurified CARRs, however, the dialysis
and ion-exchange procedures were not performed. This means that
some monovalent and possibly also divalent salts and other low
molecular substances may be present in these samples. The com-
position and the amount of these impurities depend on the process
of preparation and treatment of CARRs. Although no analysis of
eventual low molecular weight salts in our pharmaceutical grade
CARRs was performed, it is very likely that the ionic strength of solu-
tions in the case of unpurified CARR samples is higher compared
to the purified ones. Higher ionic strength contributes to stronger
screening of electrostatic interactions between the sulphate groups
on CARRs and DH* ions, which results in a weaker attraction and
consequently in higher CAC values. Additionally, some cations that
are present as impurities can predominantly bind to certain CARR
types, for instance Ca2* to .-CARR, K* to k-CARR (Zhang et al., 1992).
These specific cations are usually more strongly bound than others,
which results in an even more expressed screening effect. All bind-
ing parameters obtained by the model treatment are reported in
Table 2.

The cooperativity constants Ku, which are equal to the recipro-
cal of the free DM concentration at 8=0.5 (Eq. (6)), clearly show
that DM binding is the strongest by A-CARR, followed by - and k-
CARRs. This is in accordance with the charge density of the polyions
and with the previously observed decreasing trend in CAC. Similar
conclusion is suggested by K values.

Table 2
The calculated K, Ku, and u values for DM binding by A-, -, and k-CARRs at 25 °C and
37°C.

25°C 37°C
K/10° Ku/10° u K/10° Ku/10° u
A-CARR
Purified 23 8.1 36 103 5.4 52
Unpurified 18 5.1 29 19.2 4.0 21
1-CARR
Purified 6.7 1.2 18 2.0 0.52 26
Unpurified 2.9 0.75 26 13 0.46 35
k-CARR
Purified 6.0 0.36 6 1.8 0.18 10
Unpurified 2.5 0.2 8 1.2 0.16 13

Differences in Ku values are rather high: Ku for the interaction
of DM with the purified A-CARR is approximately 7 and 23 times
higher than that for purified .-CARR and k-CARR, respectively. In
the case of unpurified CARRs, Ku values are smaller in compari-
son with the purified polysaccharides for all three CARRs. However,
the relative differences between Ku values are maintained. Lower
Ku values for unpurified CARRs can be attributed to higher ionic
strength of solutions and to the resulting electrostatic screening
effect.

The nature of the binding process of DM by CARRs can be further
explained by considering the values of the cooperativity parame-
ter u. Our results (Table 2) show that u is between 6 and 52 in all
cases, indicating that binding is always cooperative. The higher are
the u values the more pronounced are hydrophobic interactions
between bound DH* ions. An alternative interpretation of u, which
will assist in the following interpretation of drug release mecha-
nism, is in terms of aggregation numbers of DM clusters that are
formed in the polyion domain: a larger cooperativity parameter
indicates larger clusters or aggregates (Satake and Yang, 1976). Lit-
erature data on u values in different surfactant-polyion pairs range
from 2 to a few 1000 (Benrraou et al., 1992; Hayakawa and Kwak,
1983; Satake and Yang, 1976), which classifies our DM-CARR sys-
tem on the lower limit. Among others, the cooperativity depends
strongly on structural features of the ligand, for example on the
effectiveness of packing of single ligand molecules into clusters that
eventually bind to the polyion. DM structure (Fig. 1) suggests that
packing of a larger number of DM molecules into aggregates with
a hydrophobic interior and a hydrophilic surface may be difficult
due to its rather rigid structure. It is therefore reasonable to expect
that the aggregation numbers of DM aggregates that form at CARR
polyions are small.

The sequence of u values in the case of both purified and unpu-
rified CARRs is as follows: \ >v >k, and parallels the Ku sequence.
Higher charge density of CARR results in higher u values due to
stronger electrostatic attraction forces between DM cations and
CARR polyanions that drive DM molecules close together and facil-
itate hydrophobic interactions between the hydrophobic parts of
the DM molecule.

A note seems appropriate at this point on the observed cooper-
ativity of the binding process of DM by CARRs on one hand and on
the absence of well-defined cooperative effects in solutions of pure
DM on the other. The self-association tendency of DM in solutions
without added polyelectrolyte is considerably weaker in compari-
son with conventional surfactants. This is seen from the calibration
line (Fig. 3 or 5). In the case of ionic surfactant like cetylpyri-
dinium chloride (CPC) the E vs. log ctDM plot shows a distinctive
change in slope at the critical micelle concentration (CMC), which
is attributed to the highly cooperative process of micelle forma-
tion (Kogej and Skerjanc, 2001; Kogej, 2007). Above the CMC, E is
virtually constant because the concentration of free surfactant is
constant. In the DM case, however, the E vs. log cf,, curve only
gradually deviates from linearity when the solubility limit of DM
is approached, excluding any highly cooperative association pro-
cess in DM solutions. Probably clusters or aggregates of DM form
in a step-wise manner, proceeding from dimers, to trimers, etc.
The cooperativity emerges only in the presence of CARR polyions
owing to the strong accumulation of DH* cations in their vicinity.
It has been calculated (Kogej and Skerjanc, 2001; Kogej, 2007) that
the local concentration of monovalent ions close to the oppositely
charged polyion may exceed their average concentration in solu-
tion by a factor of more than 1000 (up to almost 10,000 times in the
case of most highly charged A\-CARR). Consequently, the solubility
limit of DM in the proximity of the polyion is greatly exceeded.
Such high DM concentrations could never be achieved in an
aqueous medium in the absence of the polyion. Strong accumu-
lation of hydrophobic parts of DM then drives the formation of
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polyion induced DM clusters, which are held together by the CARR
chain.

In comparison with purified samples, u values (Table 2) are
larger for unpurified k- and -CARRs but smaller for unpurified
A-CARR, although differences are small and some, as for example
for k-CARR, in the range of the uncertainty of the method. Simi-
lar to k- and v-CARRs case, it was found that the addition divalent
salts leads to a marked increase in u for the binding of cationic sur-
factants by dextrane sulphate (Hayakawa and Kwak, 1983), which
was attributed to changes in polymer chain conformation and to
larger surfactant aggregates. The same is likely to be the cause of
the increased cooperativity also in k- and t-CARRs case. It is well
known that the presence of specific cations, e.g., K* or Ca2*,induce a
coil-to-helix transformation of the k- and -CARR chains (De Ruiter
and Rudolph, 1997; Yuguchi et al., 2003). The formation of a heli-
cal state was shown to result in a smaller inter-charge distances
on CARR backbones, higher charge density (Hugerth and Sundelof,
2001). A higher cooperativity was found also for amitriptiline bind-
ing by predominantly helical state of +- and k-CARRs (Hugerth
and Sundel6f, 2001). The spatial distribution of binding sites may
be more favourable in the helical conformation, leading to more
efficient DM-DM hydrophobic interactions. This finally results in
somewhat higher u values, as is observed experimentally (Table 2).

Allisotherms reach a saturation region where g vs. log cg curves
level off, i.e., they reach a more or less well-pronounced plateau
defining Bsar. As seen from Fig. 6, Bsar values are similar for DM
binding by A- and v-CARRs, between 0.8 and 0.7, almost irrespec-
tive of their purity. These values imply that between 0.7 and 0.8 DH*
ions are bound per one sulphate group. In the case of k-CARR, the
plateau region is narrower compared to A- and -CARRs and Bsat
values are higher: Ssar > 0.8 for the purified and Bsar > 0.9 for the
unpurified k-CARR, pointing to an almost quantitative association
between DH* and k-CARR. The finding that Bsar values are lower for
- and -CARRs than for k-CARR is surprising, since these two car-
rageenans both have higher charge density than k-CARR. However,
lower Bsar values are perhaps a consequence of a less favourable
spatial distribution of ester sulphate groups in this case, which
causes that charges are less accessible for DM binding due to steric
hindrance. This clearly becomes very important in the saturation
region when the number of DM molecules close to the polyion is the
largest. DM is a rather bulky and rigid molecule that requires con-
siderable amount of space when it binds to charged groups on the
CARR chain. If the distance between polyion charges is too small or
if their position is unfavourable, this may result in a lower degree of
binding per binding site. It has to be stressed that lower BsaT values
do not imply that the overall amount of DM bound to A- or .-CARR
is smaller compared to k-CARR. The degree of binding was namely
calculated per one sulphate group and not per one repeat disaccha-
ride unit (see above). Since A-CARR contains three sulphate groups
per repeat disaccharide unit and v-CARR two, Bsat values calculated
per one repeat unit increase by a factor of 3 and 2, respectively. Thus
the ratio of Bsar values is actually N:u:k =2.4:1.4:1.

The width of the plateau region after the levelling off of 8 (Fig. 6)
decreases with the decreasing number of charged groups per dis-
accharide unit on the CARR backbones. However, a steep increase
of B to values larger than 1 is observed again for all CARR sam-
ples for CBM above 1 x 10~4 M. Such increase is observed also in
systems containing conventional surfactants and is therein due to
free micelle formation, ensuring saturation. However, the possibil-
ity of self-association of DM after all the binding sites on the polyion
have been occupied and free DM appears in solution was ruled out
in the above detailed discussion of the E vs. log clgM curve. There-
fore, additional binding of DM to the DM-CARR complex is more
likely to explain this observation. This may lead to a specific type
of ordering of CARR chains in conjunction with amphiphilic DM
in the form of bilayers, which is a frequently observed structure
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Fig. 7. The dependence of E on the total DM concentration at 37 °C: symbols are the
same as in Fig. 5.

in the case of surfactant mixtures with rigid carrageenan polyions
(Kogej et al., 2001) and results in formation of a three dimensional
network.

3.3. Binding of DM by CARRs at 37°C

The binding of DM by CARRs was investigated also at the body
temperature 37 °C. A linear response of MIE to DM concentration in
a wide concentration range was observed, from around 4 x 10~6 M
to around 9 x 104 M (Fig. 7). The slope of the calibration curve at
37°C was equal to 54.4 mV/decade and agrees favourably with the
theoretical value 61.5 mV/decade.

The results obtained for the electrode response in the pres-
ence of CARRs show similar behaviour as those obtained at 25°C
They were used for the construction of binding isotherms (Fig. 8)
and were treated according to previously described procedures. All
binding parameters are reported in Table 2.

The increase in temperature causes a shift of the isotherms to
higher c]f)M and to higher CAC values (Table 1), i.e., lower Ku val-
ues. On the other hand, Bsar values are more or less unaffected by
the increase in temperature: they are around 0.8, 0.7, and 0.9 for
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Fig. 8. Binding isotherms for DM binding by purified (empty circles) and unpurified
(filled circles) CARRs at 37 °C: symbols are the same as in Fig. 6.
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both purified and unpurified A-, v- and k-CARRs, respectively (for
an easier comparison of the isotherms obtained at 25 and 37 °C see
Fig. S2). In most cases the slope of the isotherms in the cooperative
region slightly increases, which results in higher u values; how-
ever, the decrease in Ku is more pronounced than the increase in u,
in particular for the purified forms. Similarly to the cooperativity
binding constant Ku, the constant K is also lower at 37 °C. This is
expected, since K is influenced primarily by electrostatic attraction
between the DH* cations and CARR polyanions, and these are influ-
enced by the thermal energy of molecules. Thus, lower K indicates
weaker interaction between DH* and CARRs in the initial stage of
binding and is a consequence of higher kinetic energy of molecules
at higher temperature.

In the discussion of the temperature dependence of Ku one
has to keep in mind that the combined cooperative binding con-
stant, the product Ku, includes effects of both, electrostatic binding
and cooperativity, i.e., of hydrophobic interactions. Santerre et al.
(1985) have presented temperature dependence of binding of a
conventional cationic surfactant to an anionic polyelectrolyte. In
the temperature range between 5 and 50 °C, the change of Ku with
temperature was remarkably small which is in agreement with our
results. Furthermore a clear maximum in Ku values and simulta-
neously in u values was reached at around 30 °C. The authors have
compared this finding with the temperature dependence of CMC.
There are numerous reports of temperature minima in CMC of con-
ventional surfactants at around 25-30°C, which are parallel to the
maximum in Ku. The maximum in Ku of course indicates a sign
reversal in the enthalpy of binding. A positive slope of the In Ku vs.
1/T plot points to a negative (exothermic) enthalpy of binding, and
this is observed also in the case of DM binding by CARRs. Somewhat
surprising is the effect of temperature on u in DM-CARR solutions,
which is just the opposite of its effect on Ku: u is higher at 37 °C than
at 25°C. The reason for a higher cooperativity parameter at 37 °C
is probably different flexibility of CARR chains at different tem-
peratures. Increased chain flexibility at higher T may facilitate the
formation of larger DM aggregates. It should be stressed, however,
that our data apply to two temperatures only and that the studied
temperature range is rather narrow. A more thorough investigation
of temperature dependence would be needed to make more reliable
conclusions on the effect of temperature on DM binding by CARRs.

3.4. Relation between binding results and drug release from
matrix tablets

The release profiles of DM from CARR matrix tablets are shown
in Fig. 9. The low ionic strength buffer (0.0075mM phosphate
buffer) was used because binding studies were conducted in con-
ditions of low ionic strength as well. It can be seen that the release
of DM is prolonged for considerably more than 24 h, although the
tablets are fully disintegrated after approximately 9h, irrespec-
tive of the CARR type. This limit is indicated by the dotted line in
Fig. 9 and was identified visually. After 9 h, only very small particles
remain in the release medium, which are slowly eroding with time.
In contrast to tablet disintegration, the drug release rate within 9h
depends strongly on the CARR type: it is the fastest in the case of
K-CARR, followed by v- and A-CARRs.

The obtained drug release behaviour is not very common
for hydrophilic polymers, especially CARRs, since they can typ-
ically prolong the drug release up to 12h (Naim et al., 2004;
Picker, 1999). This is usually achieved by common drug release
mechanisms from matrix tablets, i.e., by hydration, swelling and
erosion of the matrix, which results in the formation of a gel layer
(in the case of - and k-CARRs) or in a very viscous layer (in the
case of A-CARR) around the unhydrated matrix core (Rees, 1977;
Rochas et al., 1986; Yuguchi et al., 2002). This gelly like or very vis-
cous layer around the matrix tablet coupled with dissolution and
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Fig. 9. DM release from different CARR matrices at 37°C in a pH 7.0 phosphate
buffer. The results present the mean + SD of six measurements.

diffusion of the drug governs the drug release rate. However, it is
obvious from the release profiles that other drug release mecha-
nisms are involved in the case of DM-CARR tablets that additionally
reduce the drug release rate. These mechanisms are clearly indi-
cated in the present paper through fundamental binding studies
and include strong electrostatic binding of DM by CARRs reinforced
by cooperative self-association of amphiphilic DM molecules in the
electrostatic field of the polyions. By combining binding and drug
release studies we can now explain the drug release mechanism in
detail.

Drug release order during the first 9 h (k >v>\) agrees with the
trend of DM binding by various CARRs as demonstrated by Ku val-
ues (A >uv>k): the stronger the binding of DM, the slower its release
rate. A-CARR with the highest linear charge density most strongly
attracts DM molecules and consequently the release rate is slowest
in this case. However, the electrostatic interactions alone cannot
explain the very large differences between DM releases from CARR
tablets. An important contribution comes from self-association of
DM molecules in the vicinity of the carrageenan polyions. The aris-
ing DM aggregates with a considerably higher charge compared to
individual DM molecules bind to the polyion as multivalent coun-
terions and this leads to further substantial decrease in the overall
release rate. The cooperativity parameter u (Table 2) suggests that
the largest aggregates form at the A\-CARR and the smallest ones at
the k-CARR chain. Furthermore, these aggregates start to form only
above a threshold concentration of DM molecules in the media, i.e.,
above the CAC, which again depends strongly on the CARR type:
the sequence of CAC values (Table 1) is k > >\, meaning that DM
aggregates first start to form in A-CARR solutions and last in k-CARR
ones. All the exposed features fuse into a strong synergistic effect,
which results in the most strongly sustained DM release in A-CARR
solutions.

In order to fully appreciate all these effects, binding isotherms
are redrawn by plotting the degree of DM binding calculated per
one repeat unit of the CARR polyions, instead of per one charged
group. Such plots are shown in Fig. 10 for the case of un-purified
CARR samples at 37 °C, which were used also in drug release exper-
iments reported in Fig. 9.

It can be seen that the saturation degree of DM binding pre-
sented in this way is by far the greatest in the A-CARR case. At
saturation, one repeat unit of \-CARR binds around 2.2 molecules
of DM, whereas that of k-CARR binds only around 0.9. Besides, the
plateau region corresponding to saturation extends to considerably
lower free DM concentrations in A-CARR solution. When DM-CARR
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Fig. 10. Binding isotherms for DM binding by unpurified carrageenans at 37°C:
the degree of binding f is calculated per one repeat unit of the carrageenan chain
(symbols are the same as in Fig. 6).

complex is being released from the tablet formulation, the drug is
gradually (and continuously) dissolved from the complex into the
medium, as long as its concentration in the medium is maintained
at a sufficiently low level. Continuous drug release moves us along
the binding isotherm to the left, i.e., from the plateau region to
the cooperative part and finally to the part where 8 drops virtu-
ally to zero. Evidently, free DM concentration in the presence of
A-CARR (this is what is measured in drug release experiments) is
the lowest, meaning that we are virtually all the time above the
CAGC, i.e, in the cooperative region of binding, where the binding
is reinforced as described above. On the other hand, with k-CARR,
the free drug concentration in equilibrium with the complex from
the matrix tablet is by at least one order of magnitude higher than
in the A-CARR case. Diffusion of DM from the tablet matrix is thus
most strongly hindered by A-CARR. Within the 24 h period the con-
centration of DM released from the A-CARR formulation increases
with a constant slope and the amount of drug released after 24 h is
only around 25%. With k-CARR, the release rate within the first 7h
is high, leading to a 45% of DM release within 7 h. Afterwards, the
release rate drops substantially and thus the amount of the released
drug increases to only around 55% after 24 h. The initial rather fast
release rate in this case points to the weakest interaction between
DM and k-CARR. A similar release profile with a distinct decrease
in slope after around 8 h and with approximately 25% release up to
this point (and only around 30% release within 24 h) is registered
with 1-CARR formulation.

A possible explanation for the changed DM release rate in k-
and -CARRs tablet formulation after the initial 7-8h could be
the altered binding regime. It has been found that surfactants
arrange into three-dimensional bilayer-like structures in conjunc-
tion with the rigid carrageenan chains (Kogej et al., 2001). It can be
visualized that the amphiphilic DM molecules likewise form such
structures. Since the interaction of DM with carrageenans is weaker
in comparison with conventional surfactants, such ordering pre-
sumably occurs only above a certain critical degree of binding to
carrageenans. Thus, increasing DM concentration leads to the for-
mation of large ordered structures, which can strongly hinder drug
release. With N-CARR chains the critical DM concentration for such
bilayer-like ordering is presumably not reached within the investi-
gated time period of 24 h and the release profile is governed solely
by the mechanisms described above.

It is important to note that all the described mechanisms are
running simultaneously. When DM dissolves from the solid matrix
it immediately binds to CARRs, whereas the excessive/unbound

DM molecules diffuse out of the matrix. Since a dynamic DM con-
centration gradient between the hydrated layer around the matrix
core and the outside medium is maintained during drug release,
the exact binding process and thus also drug release through the
hydrated layer is best described by both, the binding isotherm plots
and the release profiles. In the microenvironment of the matrix
tablet where concentration of DM is very high, the right part of the
binding curve (above Bsar) approximately describes the binding
process and thus the drug release mechanism. The opposite is true
for the regions, where DM concentration is low, i.e., outside the
matrix in the surrounding solution where some dissolved CARR
molecules are present as well. Here, binding is best described by
the left, i.e., the cooperative, part of the binding isotherm around
or above the CAC. The actual release profile depends on the sum of
DM binding to CARRs in different regions, i.e., in the hydrated layer
around the matrix core and in solution.

Finally, one can argue about the practical relevance of the stud-
ied systems since a rather low amount of the drug (55% or less)
is released from the investigated matrixes within a 24 h period.
However, it must be pointed out that the studied conditions are
not equal to in vivo ones, where other amphiphilic molecules can
be present as well. It was found for example (data in preparation
for publication) that the presence of anionic surfactants such as
sodium dodecylsulphate, SDS, in the release medium can signif-
icantly affect the interactions between DM and CARRs and even
lead to a complete DM release in less than 24 h. This indicates that
such systems can be used in vivo; however, it is essential that they
are fully characterized.

4. Conclusions

On the basis of binding isotherms, determined by a special dox-
azosin mesylate, DM, selective membrane electrode, interactions
between DM and anionic polysaccharides carrageenans, CARRs, in
solution were evaluated and explained in detail. The most impor-
tant result is that binding of DM to CARRSs is cooperative in nature.
The cooperativeness is a result of the initial strong electrostatic
attraction between DM and CARRs and of the subsequent self-
association of DM molecules in the vicinity of CARR chains. This
self-association tendency is a consequence of DM amphiphilic-
ity and gives rise to DM binding in the form of highly charged
aggregate-like structures. These structures are formed of several
tens of DM molecules and in the final stage of binding block
between 70 and 90% of ester sulphate groups on the polyion. DM
binding to CARRs is strongly influenced by the charge of CARRs but
to a lesser extent by temperature.

Strong ionic interactions are responsible also for sustained
release of DM from solid CARR matrix tablets. Different mecha-
nisms have appeared in this process. First, swelling and erosion of
tablets, accompanied by drug diffusion from solid matrices, takes
place; this step determines the initial release rate. At the same
time strong electrostatic interactions between DM and CARRs in
solution, which are reinforced by additional hydrophobic interac-
tions between bound DM molecules (self-association), contribute
to further prolongation of DM release from CARR tablets. It has
to be stressed that these additional hydrophobic interactions
can substantially alter the drug release rate; however they are
often neglected when studying drug release mechanisms based on
drug-polymer interactions.
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