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Purpose. To study mixtures of SDS and the drugs diphenhydramine,
tetracaine, and amitriptyline to compile phase diagrams and to inves-
tigate the use of interesting phases for sustained release from gels.
Methods. Phase diagrams were composed by studying large numbers
of different compositions of negatively charged SDS and positively
charged drug compounds visually, rheologically, and by cryo-
transmission electron microscopy. Drug release from Carbopol 940
and agar gels containing interesting phases, e.g., vesicle and branched
micelle phases, was measured in vitro by the USP paddle method.
Results. Vesicles and elongated and branched micelles were formed
on the SDS-rich side in all three systems examined. The tetracaine
system differed from the other two in that it showed a vesicle area in
the drug-rich side. Release of diphenhydramine from Carbopol 940
gels was slowed by at least a factor of 10 when in the form of vesicles
or branched micelles. The same delay was found for both drug-rich
and SDS-rich tetracaine vesicles.

Conclusions. Mixtures of SDS and positively charged drugs form the
same interesting phases as traditional catanionic mixtures. This may
prove useful in obtaining functional controlled-release systems when
using gels as drug carriers.

KEY WORDS: catanionic mixtures; surfactant; gel; slow-release;
phase diagram.

INTRODUCTION

Aqueous mixtures of cationic and anionic surfactants
show novel properties compared with those of the single sur-
factant, and interesting phases and aggregates are often
formed. Equimolar mixtures of two oppositely charged sur-
factants with no inorganic counterions are called “ion pair
amphiphiles” (IPA) (1) or catanionic surfactants (2). Mix-
tures of cationic/anionic surfactants, both equimolar and non-
equimolar, also containing inorganic counterions are referred
to as catanionic mixtures (2).

In 1989, Kaler et al. showed that vesicles are spontane-
ously formed in catanionic mixtures (3). They can be formed
from a wide range of surfactant mixtures (4). Branched mi-
celles and other phases have also been found (4-6). Several
factors affect the vesicle formation. Both electrostatic inter-
actions between the head groups and chain-packing consid-
erations for the hydrophobic tails of the surfactants in the
bilayer core determine the effective packing parameter (7).
Asymmetry in the tail chain length favors vesicle formation in
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compositions rich in the shorter chain (8). Whereas several
studies have examined the properties of a variety of catan-
ionic mixtures, little is known of the effects of having a drug
substance as one of the surfactants.

Gel formulations with suitable rheologic properties have
been shown to increase the contact time with the mucosa at
the site of absorption (9-12). The increased contact time of
gels is caused by the mucoadhesive properties of the polymer
in addition to the rheologic properties of the formulation,
which will obstruct the clearance by mucosal protective
mechanisms. A long residence time, however, would be ad-
vantageous only if the drug remains in the formulation and is
released throughout this time. There are several ways to sus-
tain the release from gels in order to take full advantage of
the contact time, one of which applies to catanionic mixtures.

Catanionic mixtures in which a charged drug compound
constitutes one of the surfactants have been shown to form
interesting surfactant aggregates such as vesicles and micelles
when mixed in certain ratios. These aggregates can be used as
vehicles for controlled delivery of drugs from gels (13) and
have been evaluated for nasal drug delivery. Aqueous mix-
tures of drug and surfactant yield complex multicomponent
systems, depending on the counterions as well. In this study,
however, a simplified ternary diagram is used, as are fre-
quently found in the literature (3,6,14). In this study phase
diagrams of mixtures of SDS and either diphenhydramine or
tetracaine are examined visually, rheologically, and with cryo-
genic transmission electron microscopy (cryo-TEM) with the
purpose of finding phases that can be used in drug delivery,
e.g., vesicles and mixed micelles. Furthermore, the effect
when the aggregates are added to gels is studied, as well as the
effects of pH, ionic strength, and temperature. This study also
evaluates the pharmaceutical use of the catanionic drug sur-
factant mixtures as drug delivery vehicles by studying the
drug release from gels.

METHODS AND MATERIALS

Materials

Diphenhydramine hydrochloride, tetracaine hydrochlo-
ride, amitriptyline hydrochloride, and sodium dodecyl sulfate
(SDS) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). See Fig. 1 and Table 1 for drug characteristics.
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Fig. 1. Structures of drug compounds.
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Table I. Physicochemical Properties of Drug Compounds, All in the
Form of Hydrochlorides

Substance pK, log P CMC (mM)* Log D
Diphenhydramine 9.0 3.11 105 1.93
Tetracaine 8.5 0.2 75 1.89
Amitriptyline 9.4 2.18 25 2.55

* Determined in 0.9% NaCl.

Poly(acrylic acid) with the proprietary name Carbopol 940
NF (C940) was a gift from BF Goodrich (Brecksville, OH,
USA). Agar-agar was purchased from Merck (Darmstadt,
Germany). All other chemicals were from Sigma Chemical
Co. and were of analytic grade or “Ultra” quality. Ultrapure
water, prepared using a MilliQ Water Purification System
(Millipore, France), was used in all preparations.

Determination of Critical Micelle Concentration (CMC)

Solutions of diphenhydramine hydrochloride, tetracaine
hydrochloride, and amitriptyline hydrochloride were made in
0.9% NaCl, and their CMCs were determined at room tem-
perature (deriving from measured surface tension) using the
drop-weight technique. Details of the method are described
elsewhere (15).

Determination of Phase Diagrams

For all phase diagrams, 0.9% sodium chloride was used
as the “water phase.” Ten different compositions of the cat-
ionic drugs and the anionic SDS, with concentrations from 0
to 300 mM each with a total sum of 300 mM, were made by
weighing. Each of the samples was then divided into 10 new
samples, each of which had been diluted to a different con-
centration. In addition, solutions of drug compounds were
diluted, using a 10% SDS solution. In this way new compo-
sitions were made diagonally through the phase diagram. In-
teresting areas were studied further by preparing more
samples in these areas. The samples were examined visually,
and some were also rheologically characterized and examined
using cryo-TEM.

Total concentrations of drug compound and SDS of up to
100 mM (corresponding to 2.9%) for tetracaine and 300 mM
(corresponding to 8.7%) for diphenhydramine were used.
Higher concentrations were neglected because they were not
considered to be pharmaceutically relevant.

Cryo-TEM was performed at least 10 days after prepa-
ration of the samples in order to allow the samples to age and
thus reduce effects on, e.g., the vesicle size arising from dif-
ferences in effects of mixing (6).

Cryogenic Transmission Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM)
was used to characterize drug-surfactant aggregates both in
polymer-free solutions and in gels. A small drop of the sample
was deposited on a grid covered by a polymer film, the excess
liquid was blotted with filter paper, and the remaining sample
on the grid was vitrified in liquid ethane. The films were
transferred to a Zeiss EM 902 transmission electron micro-
scope and kept below —165°C during the viewing process. All
observations were made in the zero-loss bright-field mode at
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an accelerating voltage of 80 kV. Details of the method can be
found elsewhere (16).

Rheologic Measurements

The rheologic measurements were carried out using a
Bohlin VOR Rheometer (Bohlin Reologi, Lund, Sweden), a
controlled-rate instrument of the couette type (17). All mea-
surements were performed at 37°C using a concentric cylinder
measuring system (C14). Strain sweep measurements were
made for all samples to find the linear viscoelastic regions.
Dynamic oscillation was performed within the linear visco-
elastic region, and for the viscosity measurements suitable
delay times were used to account for time-dependent viscos-

ity.
Preparation of Gels

Carbopol gels were made by dispersing the polymer pow-
der in 0.9% NaCl solutions containing the dissolved drug and
surfactant. The dispersions were then stirred using magnetic
stirring bars for approximately 1 h at room temperature, and
eventually 1 M or 2 M NaOH, depending on the polymer
concentration, was added to neutralize each sample to ap-
proximately pH 7. For some gels (footnote in Table II), the
catanionic solutions were prepared and then mixed in the
ratio 1:1 with neutralized gel. All gels were allowed to equili-
brate for at least 16 h at room temperature. The pH of the gels
was then adjusted to pH 7.3-7.5, 0.9% NacCl solution was
added to achieve the final volume, and the gels were left for
at least 90 min before measurements commenced.

One of the released gels was prepared as above, but the
pH in the gel was adjusted to 11.7 to study the release of a 14
mM diphenhydramine and a 26 mM SDS solution where the
pH was set above the pKa of diphenhydramine.

Agar gels were prepared by dispersing the polysaccha-
ride powder in 0.9% NaCl solutions containing the drug and
surfactant, and then the samples were stirred and heated at
100°C for 20 min using water baths.

Drug Release Measurements

Drug release from the gels was measured by the USP
paddle method with three measurements on each sample. The
gels were put in gel containers with a fixed volume of 6 cm?
and a surface area of 21 cm?, covered by a coarse mesh-size
plastic net and a stainless steel net. The gel containers were
immersed in 250-750 mL of 0.9% NaCl solution, stirred at 20
rpm, and maintained at 35°C using a Pharma Test PTW II
USP bath (Pharma Test Apparatebau, Germany). The re-
lease of the pH 11.7 gel was, however, performed in a pH-
adjusted 0.9% NaCl solution at pH 11.7. The medium volume
was chosen to give a suitable spectrophotometric signal, and
the stirring rate was chosen so that it would give adequate
convection and minimize surface erosion of the gels.

On-line measurements of the concentration were per-
formed by continuously flowing the dissolution medium
through a UV-vis spectrophotometer (Shimadzu UV-1601,
Shimadzu, Kyoto, Japan) using a peristaltic pump and isma-
prene tubing (Ismatec SA, Ziirich, Switzerland). The absor-
bance was measured every 150 s for the first 45 min, then at
65 min, and eventually every 30 min until the last measure-
ment was made 9 h after the first one. The wavelengths used
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for UV absorbance detection were based on the maximum
absorbance of each substance: 258 nm for diphenhydramine
and 310 nm for tetracaine.

If the drug release is diffusion controlled, the factor n in
Eq. (1) should have a value of 0.5:

M, _ k" 1
M= (1)
where M, is the amount released at the time ¢, M., is the
amount released at infinite time, ¢ is the time elapsed since the
experiment started, and k and n are proportionality factors.

Under sink conditions during the initial part of the re-
lease, one-dimensional Fickian diffusion from a gel holder
can be expressed by:

Dt\ 12
Q—2Co< ﬁ) @)
where Q is the amount of drug released per unit area, C, is
the initial concentration of the drug in the gel, D is the dif-
fusion coefficient of the drug in the gel, and ¢ is the time
elapsed since the release experiment started. The equation is
valid for the first 60% of the fractional release (18,19). Plots
of the initial drug release vs. the square root of time should,
according to Eq. (1), give a straight line, and the diffusion
coefficient can be calculated from the slope of that line. Dif-
fusion coefficients were calculated for the first 40 min of re-
lease for each sample. In our laboratory setting the gel was
placed in a confined space and was not allowed to swell dur-
ing the study. After approximately 3 h the spectrophotometer
also starts to detect significant amounts of light scattering
from polymer released in the medium. This contributes to a
false-positive effect on the fraction released, and in the last
point of the measurement the fraction released is higher than
the theoretical unity. This is further discussed by Paulsson
and Edsman (20). Because the drug diffusion coefficient is
calculated from the initial 40 min of release, there is no in-
terference from the polymer light scattering.

Statistical Analysis

The diffusion coefficients were statistically analyzed, us-
ing ANOVA and Bonferroni’s multiple-comparison test as
post hoc test, where p < 0.05 was considered to be statistically
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significant and the standard deviation (SD) is given for each
group of samples.

Miscellaneous

The salt and pH dependence were examined in a solution
containing diphenhydramine vesicles. A solution of 120 mM
diphenhydramine and 180 mM SDS was visually examined at
pHs between 0.5 and 11, where the samples were allowed to
equilibrate for at least 6 weeks. To study the salt dependence
of the vesicle solution, the pH was adjusted with NaOH to
7.45, and NaCl was added from 0.9% to 5.4% w/w.

RESULTS AND DISCUSSION

Phase Behavior

The physicochemical properties of the three drug sub-
stances used in this study are shown in Table I. The drugs
were selected with respect to their CMCs and log p values to
represent a variety of drugs. No CMC could be detected for
the most hydrophilic drug, tetracaine. The most lipophilic
compound, amitriptyline, had the lowest CMC of the three
drug compounds studied. The phase behavior of aqueous
mixtures of diphenhydramine-SDS and tetracaine-SDS at
room temperature can be seen in the phase diagrams in Fig.
2. Both vesicles and micelles were found, as well as hetero-
geneous two-phase regions and precipitations.

Vesicles

On the SDS-rich side, large vesicle regions can be seen
for both diphenhydramine and tetracaine mixtures. In Fig 3a,
a cryo-TEM picture is shown of spherical and fairly monodis-
perse vesicles of tetracaine on the SDS-rich side. Tetracaine
vesicles seem to exist with both positive and negative excess
charges, as represented by the two vesicle phases in Fig. 2a.
Comparing the two vesicle phases on opposite sides of the
equimolar line in the tetracaine system, one can see that the
vesicles are larger in the tetracaine-rich area (Fig. 3B). It also
seems that the size of the vesicles is dependent on the con-
centration ratio between the drug and surfactant and not on
the total concentration. Diphenhydramine, however, seems
unable to form vesicles in the drug-rich region, as only one
vesicle phase is seen.

Table II. Diffusion Coefficients with Standard Deviations (n = 3)

Formulation D (cm?/s) SD
Diphenhydramine 14 mM, C940 1%* 6.09 - 10°° +54-1077
Diphenhydramine 14 mM, SDS 26 mM, C940 1%* 4111077 +6.5- 1078
Diphenhydramine 7 mM, C940 1%* 6.94-10°° +9.4-1077
Diphenhydramine 7 mM, SDS 13 mM, C940 1%%* 6.64 - 1077 +1.8-1077
Diphenhydramine 8 mM, SDS 32 mM, C940 1%* 475 -1077 +2.7-1077
Tetracaine 14 mM, C940 1%* 3.65-107° +3.8-1077
Tetracaine 14 mM, SDS 26 mM, C940 1% 6.04-10°8 +4.3-107°
Tetracaine 14 mM, agar 0.1% 8.41-10° +1.8-1077
Tetracaine 14 mM, SDS 26 mM, Agar 0.1% 3.19-10°8 +1.9-10°8
Tetracaine 26 mM, agar 0.1% 9.08 -107° +1.5-1077
Tetracaine 26 mM, SDS 14 mM, Agar 0.1% 1.89 - 10 +2.5-1078
Diphenhydramine 14 mM, SDS 26 mM, C940 1%, pH = 11.7 1.40-10°° +1.8-1077

* Gels prepared according to the alternative method, mixing solution with neutralized gel in the ratio 1:1.
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Fig. 2. Phase diagrams, where white areas represent micellar/
aqueous solution, the gray areas represent two-phase regions, black
areas represent precipitates, the cross-lined areas represent the bluish
phase, and the striped areas represent the vesicle phase. a, Three-
component phase system containing diphenhydramine, SDS, and
0.9% NaCl in water. b, Three-component phase system containing
tetracaine, SDS, and 0.9% NaCl in water. c, Phase areas at a total
concentration of 300 mM amitriptyline/SDS in 0.9% NaCl in water.

Micelles

In the diphenhydramine-SDS phase diagram in Fig. 2a, it
is evident that the vesicle phase on the SDS-rich side was first
followed by a two-phase region and then a visually clear mi-
cellar region as the concentration of SDS was increased.
Samples of the micellar phase adjacent to the two-phase re-
gion contained elongated as well as branched micelles (Fig.
3c,d). As the concentration of SDS was increased without
changing the total concentration of surfactant and drug, the
micelles became less elongated and eventually spherical as
the composition came closer to 100% SDS. In Fig. 4 the vis-
cosity of samples with micelles, branched micelles and
vesicles are shown as a function of sample composition. The
SDS-rich samples had a viscosity resembling that of water, but
as the composition got richer in diphenhydramine, the mi-
celles became elongated, and the viscosity increased. The vis-
cosity of the vesicle phase was also high because of the in-
crease in vesicle size or the vesicle spheres coming in close
contact with each other at these concentrations.

Bramer et al.
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Fig. 3. Cryo-TEM pictures of catanionic mixtures in 0.9% NaCl: (a)
14 mM tetracaine/26 mM SDS; (b) 26 mM tetracaine/14 mM SDS;
(c,d) 8 mM diphenhydramine/32 mM SDS. The bar indicates 200 nm.

On the drug-rich side of the phase diagrams of both tet-
racaine and diphenhydramine, micellar phases were found.
The micelles appear to be spherical or to have only minor
elongations, having little or no effect on the rheologic behav-
ior of the samples.

Other Phases

In the diphenhydramine system a two-phase region co-
incided with the equimolar region in the phase diagram. A
second two-phase region was also visible between the vesicle
phase and the SDS-rich micellar phase. At the border be-
tween the vesicle and the two-phase region, foggy vesicle so-
lutions were noticed. These, however, were not classified as
two-phase solutions because there was no separation of
phases even after a couple of weeks.

In contrast to the tetracaine system, no obvious second
vesicle phase was discovered for the diphenhydramine system
in the concentration range studied. There is, however, still

1.00E+00;

1,00E-01

Viscosity (Pa s)

1,00E-02

1'005'030“I\ 100 150 200 250 300
C SDS (mM)

Fig. 4. Viscosity at a shear rate of 11.6 s™' on mixtures containing

diphenhydramine, SDS, and water—single samples. The concentra-
tion of diphenhydramine is specified at some selected points, where
filled symbols represent the vesicle phase and open symbols represent
micellar/aqueous solution.



Sustained Release from Drug-Surfactant Mixtures

one interesting area to explore on the drug-rich side for di-
phenhydramine. Where the total concentration of diphen-
hydramine and SDS reaches 300 mM, there is an area of clear,
vaguely blue-colored solution surrounded by the two-phase
regions. These bluish phases have been found in other sys-
tems previously (5).

The tetracaine system exhibited a phase behavior quite
similar to that of diphenhydramine. However, two major dif-
ferences render it a more complex system. As in the diphen-
hydramine system, micelles, two-phase areas, and vesicles
were found. In addition to this, a phase of solid precipitates
was discovered, close to equimolarity. The most interesting
difference, however, is the second vesicle phase on the tetra-
caine-rich side, which is discussed above.

Amitriptyline showed a phase behavior that was close to
that of diphenhydramine, and therefore detailed data are not
presented for this compound.

Salt and pH Dependence

Because the samples studied in this report were all pre-
pared in 0.9% NaCl solutions, further addition of small
amounts of NaCl should not affect the samples. This was
confirmed for the vesicle phase (composition 14 mM diphen-
hydramine and 26 mM SDS), which did not appear to have
been affected when examined with the naked eye, when small
amounts of salt had been added. However, at 3.6% NaCl, the
vesicle phase started to turn somewhat “foggy,” and at 5.4%
NacCl the “fog” was even more apparent. The addition of salt
influences the electrostatic interactions of the polar groups of
the amphiphiles and can induce, e.g., the vesicle-to-micelle
transition. In a study by Sein and Engberts (21), alkali metal
chloride salts were seen to transform micelles of double-tailed
amphiphiles to vesicles. Salt can induce micellar growth from
spherical micelles to produce elongated and branched mi-
celles (23), an effect that has been seen using rheology for
catanionic drug-surfactant mixtures (13).

In the limited pH study performed, the vesicles studied
(with composition of 14 mM diphenhydramine and 26 mM
SDS) were stable and did not exhibit any notable effects in
the region with pH 0.5-10. When the pH is raised 1 unit above
the pK, of diphenhydramine, the vesicle phase became clear,
and micelles were formed instead of vesicles. However, when
the pH is lowered below the pK, of SDS, phase separation did
not occur until 6 weeks had passed. A change of pH has
previously been seen to change vesiculation and vesicle sta-
bility (22).

Further studies are in progress on both pH and salt de-
pendence.

Temperature Dependence

The zero-shear viscosity, determined from the Newto-
nian region at low shear rates, of a sample of the vesicle phase
(with composition of 120 mM diphenhydramine and 180 mM
SDS) was not affected (determined to about 0.3-0.5 Pa-s)
when the temperature was varied between 5 and 40°C. Flor-
ence et al. also reported that the relative viscosity of vesicles
changed only little with increasing temperature (23). How-
ever, the viscosity, m, of the branched micellar phase (com-
position 60 mM diphenhydramine, 240 mM SDS) decreased
substantially as the temperature was increased from 5 to
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60°C. At the lowest temperature the viscosity was 5 Pa-s; at
37°C the viscosity was 0.2 Pa-s; and at higher temperatures,
the viscosity of water (1 mPa-s) was reached. It has previously
been reported that elongated micelles of charged surfactants
will decrease in size and become more spherical on heating,
causing a decrease in the viscosity (23).

Drug Release Measurements

For the initial period of time, used for calculation of
diffusion coefficients, the release is diffusion controlled;i.e., n
[Eq. (1)] is 0.5. As time increases, though, the kinetics for
vesicle and micelle formulations will partly cease being diffu-
sion controlled, resulting in a change of the n value. This is
not surprising because there will probably be phase transi-
tions in the gels as free drug compound or free SDS will move
more rapidly through the gels than any compound bound in
the vesicles or micelles, making the compositions change by
time.

The release of diphenhydramine from C940 gels can be
seen in Fig. 5. Even though some formulations appear to
release more than 100%, as discussed above, the light-
scattering effect of the polymer is probably equal from all
formulations, which would make valid comparison between
formulations possible. The vesicles in C940 (Fig, 6) were more
multilamellar and appeared to be larger than those seen in
polymer-free samples. Phases with branched micelles also
seemed to have a more complex network. The drug release
from the formulation with 14 mM drug and 26 mM SDS was
significantly slower than that from the surfactant-free refer-
ence gel (p < 0.001). A cryo-TEM picture of this formulation
(Fig. 6a) revealed that vesicles were present in the gel. Fur-
thermore, the formulation with 8 mM diphenhydramine and
32 mM SDS was significantly slower than the reference
sample (p < 0.001). Cryo-TEM showed that branched micelles
were formed in the gel (Fig. 6b). The diphenhydramine dif-
fusion coefficient was about 10 times lower when the drug was
allowed to form vesicles or branched micelles with SDS com-
pared to the release from gels containing only the drug com-
pound. The release rate did not differ between micellar and
vesicular formulations (see Fig. 5 and Table II).
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Fig. 5. The release of diphenhydramine from different formulations.
(1) Diphenhydramine 7 mM, C940 1%. (2) Diphenhydramine 14 mM,
C940 1%. (3) Diphenhydramine 7 mM, SDS 13 mM, C940 1%. (4)
Diphenhydramine 8 mM, SDS 32 mM, C940 1%. (5) Diphenhydra-
mine 14 mM, SDS 26 mM, C940 1%. The fraction released sometimes
appears to exceed 100% because of light-scattering effects from the
polymer.
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Fig. 6. Cryo-TEM pictures of catanionic mixtures in 1% C940: (a) 14
mM diphenhydramine/26 mM SDS; (b) 8 mM diphenhydramine/32
mM SDS. The bar indicates 200 nm.

In Fig. 7 the release of tetracaine from C940 and agar can
be seen. Although tetracaine is oppositely charged with re-
gard to the polymer, and electrostatic drug—polymer interac-
tions could be anticipated, the release rate was not different
from the anionic C940 than from the uncharged agar gels.
When the concentration of drug was 26 mM or higher, the
positive charges of the drug will shield and neutralize the
carboxylic groups of the polymer, impeding the swelling of
the hydrogel. No homogeneous gels were formed at this high
tetracaine concentration, and in order to evaluate the release
from phases with high drug concentrations, uncharged agar
gels must be used. The interactions between the gel matrix
and surfactant aggregates can improve the sustained release
from gels, but it is not essential because the slow diffusion of
drug trapped in surfactant aggregates is the major cause of the
slower release rate (20). In this study only small differences in
the rheologic behavior of the gel formulations was seen, in-
dicating that the mucosal residence time of the gels is not
affected. The small differences observed probably derived
from interactions between the drug and the polymer (24) and
the salt sensitivity of Carbopols (25), as an increased concen-
tration of drug compound also results in an increased concen-
tration of counterions.

When mixed with SDS (14 mM or 26 mM), tetracaine
formed vesicles on both the surfactant-rich and the drug-rich
side of the phase diagram. The two different tetracaine
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Fig. 7. The release of tetracaine from different formulations. (1) Tet-
racaine 14 mM, agar 0.1%. (2) Tetracaine 14 mM, C940 1%. (3)
Tetracaine 26 mM, agar 0.1%. (4) Tetracaine 26 mM, SDS 14 mM,
agar 0.1%. (5) Tetracaine 14 mM, SDS 26 mM, C940 1%. (6) Tetra-
caine 14 mM, SDS 26 mM, agar 0.1%. The fraction released some-
times appears to exceed 100% because of light-scattering effects from
the polymer.
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vesicles (14 mM tet./26 mM SDS and 26 mM tet./14 mM SDS)
had different degrees of sustained release (p < 0.001): tetra-
caine from the drug-rich vesicle phase was released faster (see
also diffusion coefficients in Table II). This was probably a
result of different degrees of unbound tetracaine in the sys-
tems because the vesicles are often formed at an equimolar
surfactant ratio (26), causing the vesicle phase on the tetra-
caine-rich side to contain an excess of unbound tetracaine and
the vesicle phase on the SDS-rich side to contain an excess of
unbound SDS. Another possibility is that the tetracaine-rich
vesicles might be less stable, and therefore, there would be a
larger amount of free tetracaine to be released.

The release of the pH 11.7 gel was slower than the SDS-
free reference (p < 0.001) but faster than release from a gel at
pH 7.4 (p < 0.05). This could be explained by there being no
vesicles present at a pH above the pK, of diphenhydramine,
but the release of diphenhydramine is still affected by elec-
trostatic interactions with SDS micelles or by being partly
solubilized in the SDS micelles.

Applications

SDS has, however, toxic properties when in contact with
mucosa (27). Because of this, the drug-rich vesicle region of
tetracaine is the pharmaceutically more interesting one. A
higher drug load is preferable as well, minimizing excipients
in the formulation. Still, there are other applications where
the potential toxicity of SDS-rich vesicles needs not to be
considered, e.g., cutaneous formulations.

CONCLUSIONS

Phase diagrams of the three different cationic drug com-
pounds diphenhydramine, tetracaine, and amitriptyline mixed
with the anionic surfactant SDS showed that although the
diagrams may differ in some parts, vesicles and branched mi-
celles were present in all three diagrams.

With use of vesicles and micelles formed from catanionic
systems in gels, sustained release may be accomplished. The
effect is equally pronounced when either of the two phases is
used. In that way, the long mucosal contact time of the gel can
be fully used, probably resulting in a greater bioavailability.
However, the potential toxicity of SDS needs to be consid-
ered, depending on the route of administration. Further stud-
ies on polymers used together with catanionic mixtures will
give a better understanding of how to fully obtain a controlled
release in vitro.
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