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Abstract 0 The intrinsic dissolution rate and solubility of carbamazepine
was measured in aqueous solutions of sodium lauryl sulfate (SLS)
prepared with two different grades of purity, 95 and 99%, and 95% SLS
in 0.15 M NaCl to determine the effect of surface-active impurities and
electrolytes. Four significant observations resulted from this work: (1)
the equilibrium coefficients calculated from the solubility experiments in
the 99% SLS, 95% SLS, and 95% with 0.15 M NaCl SLS solutions were
295, 265, and 233 L/mol, respectively; (2) the dissolution rate enhance-
ment in the 99% SLS was 10% greater than that in the 95% SLS and
95% with 0.15 M NaCl solutions, which were not significantly different;
(3) the diffusion coefficients of the drug-loaded micelles estimated from
the dissolution experiments were 8.4 × 10-7 cm2/s for the 99% SLS, 9.5
× 10-7 cm2/s for the 95% SLS, and 1.2 × 10-6 cm2/s for the 95% with
0.15 M NaCl; and (4) the critical micelle concentrations for the 99% SLS,
95% SLS, and 95% SLS with 0.15M NaCl were 6.8, 4.2, and 0.35 mM,
respectively. The results of this study clearly illustrate the sensitivity of
the micelle to impurities and electrolytes with regard to size and loading
capacity and the effect these changes have on the solubility and dissolution
rate. Therefore, when using surfactants in dissolution media for in vitro
testing of dosage forms, consideration must be given to the level of
impurities present so that the results are consistent and reliable. Intrinsic
dissolution rate, surface tension, or solubility measurements may be useful,
convenient methods for identifying changes in the surfactant due to either
degradation or lot-to-lot variability.

Introduction

The use of surfactants over other dissolution media for in
vitro dissolution testing of water-insoluble drugs has increased
in recent years because of the mechanistic similarities to in
vivo dissolution.1 Sodium lauryl sulfate (SLS), a surface-
active agent commonly used for this purpose, can be purchased
in several grades with the increase in material cost directly
proportional to the purity2. Studies have shown that for SLS,
lauryl alcohol impurities produce significant changes in the
surface tension-log concentration profile, such as minimums
and curve shifts, but little work has been done to correlate
surfactant purity to changes in the dissolution rate of water-
insoluble drugs.3-6 In theory, the dissolution rate is directly
proportional to the diffusivity of the drug-loaded micelle, and
any change in the formation of the micelle can have an
effect.7-11 However, flux is also a function of the solubility of
the drug molecule into the micelle, and the outcome may not
be predictable based on the micelle diffusivity alone. There-
fore, the objective of this research is to measure the solubility
and intrinsic dissolution rate of carbamazepine (CBZ) in 99%
pure SLS, 95% pure SLS, and 95% pure SLS in 0.15 M NaCl

to determine the effect of surface active impurities, such as
lauryl alcohol.

Theoretical Section
Micelle-facilitated dissolution of solids involves both solubilization

of the drug into the micelle and transport of the drug-loaded micelle
from the solid. The solubilization step has been described as an
equilibrium between the solute in the aqueous phase and the micelle
as follows7 (see Glossary for notations and definitions):

where Cs is the aqueous concentration of the drug, Cm is the
concentration of the micelle, and Csm is the concentration of the drug-
loaded micelle, and the equilibrium coefficient, k*, is defined as
follows:

At steady state, the convective-diffusion transport of the solute and
micelle-solubilized solute is given by eq 2:12

where Di is the diffusion coefficient, υi is the fluid velocity and i
corresponds to the micelle, solute, or drug-loaded micelle. If the fluid
velocity is known, as in the case of the well-defined hydrodynamics
of the rotating disk, then eq 2 can be solved to eq 3:10,13,14

where Jtotal is the total flux, Ctotal is the total amount of drug in
solution, ω is the rotational speed of the disk, ν is the kinematic
viscosity, and Deff is the effective diffusivity. The effective diffusivity
is defined as:15

where Ds is the diffusivity of the solute and Dsm is the diffusivity of
the drug-loaded micelle.15 The reaction factor (i.e., the total flux
divided by the flux of the solute) is given by eq 5:15

Equation 5 shows that the flux enhancement is a function of the
diffusivity of the drug-loaded micelle and the degree of solubilization
of the drug in the micelle.
The solubilizing effect of surfactants can be expressed as the total

solubility of the drug in the surfactant solution divided by the aqueous
solubility as in eq 6:7X Abstract published in Advance ACS Abstracts, December 1, 1996.
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where Stotal is the total solubility and Swater is the aqueous concentra-
tion of the solute.8 Equation 6 allows for easy calculation of the
equilibrium coefficient by simply taking the slope of a line regressed
through a plot of the solubility enhancement as a function of the
surfactant concentration. Changes in the solubility of the drug in
the micelle will be reflected as a change in the equilibrium coefficient.

Experimental Section
Materials and Data AnalysissAnhydrous (CBZ) and 99% SLS

were purchased from Sigma Chemical Company (St. Louis, MO). The
95% SLS was purchased from Fisher-Scientific (Pittsburgh, PA). The
CBZ dihydrate was prepared by recrystallization of anhydrous CBZ
with water. The presence of the dihydrate was verified by differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), and
Karl Fischer analysis.19,20 Distilled, deionized filtered water was used
for all solubility and dissolution experiments. The rotating disk was
constructed of stainless steel, with a tablet radius of 0.55 cm and an
overall disk radius of 2.50 cm.21 Statistical analysis, model fitting,
and parameter estimations were performed with SYSTAT Statistics
Software (SYSTAT, Intelligent Software, Evanston, IL).
Dissolution ExperimentssTo determine the intrinsic dissolution

rate, CBZ powder was compressed in a rotating disk die at 9 × 107
Pa for 20 min (Fred S. Carver, Inc., Summit, NJ). The dissolution
experiments were performed at 310 ( 1 K in a jacketed beaker that
was heated by a water bath to control the temperature, and sink
conditions were maintained throughout the entire experiment. The
dissolution media from the rotating disk were continuously circulated
through the ultraviolet (UV) spectrophotometer flow cells with a
peristaltic pump (Masterflex, Cole-Parmer Scientific, Niles, IL), and
the UV absorbance was recorded at 2-min intervals (Perkin Elmer
Lambda 3B UV/VIS Spectrophotometer). A contact digital tachometer
(Cole-Parmer Scientific, Niles, IL) was used to monitor the rotational
speed of the disk. Rapid conversion of anhydrous CBZ to the
dihydrate upon exposure to the dissolution media was assumed.19 The
rotating disk-dissolution experiments were run at 50, 100, 200, and
300 rpm in triplicate except for the 1% SLS in 0.15 M NaCl at 50
rpm which was performed in duplicate.
The SLS solutions were prepared the day of the experiment and

used within 4 h of preparation. Prior to the start of the experiment,
the 99% SLS was further purified by foaming the solution (shaking
vigorously) and then discarding the foam.22 This process was repeated
three times. Although this procedure does not remove all of the lauryl
alcohol impurities, it represents a practical method of decreasing the
level of surface-active impurities in the solution.
Solubility ExperimentssThe solubility of CBZ dihydrate in

different concentrations of surfactant was determined by placing
excess CBZ in 20-mL scintillation vials containing solution and gently
agitating the vials on an orbital shaker-water bath maintained at
310 ( 1 K. Samples were removed at 29 and 49 h and filtered, and
CBZ concentrations were measured at 285 nm (Perkin Elmer Lambda
3B UV/VIS spectrophotometer).24 No significant change in concentra-
tion between the samples was observed. The solubility experiments
were performed in triplicate and are reported as the mean ( standard
of the mean.
ViscositysAssuming a dilute system (i.e., no micelle-micelle

interactions), the viscosity of the fluid surrounding the transporting
species was taken to be that of water at 310 ( 1 K, and a value of
0.007 cm2/s (and 0.007 poise) was used for the viscosity term in all
calculations. To verify this assumption experimentally, the kinematic
viscosity was measured for all surfactant concentrations studied and
was found to range from 0.007 stokes for water to 0.0076 stokes for
2% SLS. When taken to the 1/6 power, these values become 0.443
for the latter and 0.437 for the former, resulting in at most a 1%
increase in kinematic viscosity 2% SLS over that in water. The
conversion of the kinematic viscosity to poise was performed with the
following equation, assuming the density of water to be 0.993 gm/
cm3 at 37°C:8 ν ) η/F
Surface Tension MeasurementssThe surface tension experi-

ments were performed in triplicate at 310 ( 1 K by the Wilhelmy
Plate method (Rosano Surface Tensiometer, Laboratory Products, Inc.,

Boston, MA). The platinum plate was cleaned between each mea-
surement by heating to “red hot” with a butane flame.
The critical micelle concentration (CMC) of each solution was

determined by first plotting the surface tension of the solution as a
function of the log of the concentration of the surfactant. A perpen-
dicular line was drawn from the minimum of the curve to the x-axis,
and the CMC was read from the point of intersection.3

Results and Discussion
Surface Tension Measurements and Critical Micelle

CalculationsFigure 1 is a plot of the surface tension versus
the log of the surfactant concentration for 99% pure SLS in
water, 95% pure SLS in water, and 95% pure SLS in 0.15 M
NaCl. The surface tension profiles of the three solutions
showed significant differences. First, at pre-micelle concen-
trations, the slopes of the 99% and 95% SLS curves (curves A
and B, respectively) are more negative (-0.036 and 0.033 N/m/
M, respectively) than the slope of the 95% SLS with 0.15 M
NaCl (curve C, -0.023 N/m/M). This difference is likely due
to a greater concentration of surface-active impurities present
in the 95% and 99% SLS solutions compared with the
detergent monomers. In the case of the 95% SLS with 0.15
M NaCl, charge screening from the NaCl at the interface
allows for a greater concentration of surfactant molecules
while suppressing the effect of the alcohol impurity.3
Second, as the concentration of the surfactant increases,

micelles form and embody the impurity, thereby reducing the
bulk and surface concentration of the alcohol impurity and
producing the observed minimum.3,19 The level of involvement
of the alcohol impurity in the formation of mixed micelles
significantly decreases, as does the surface activity of the non-
electrolyte impurity, upon addition of sodium chloride. The
reduction of surface-active impurities at the interface is
observed as a decrease in the minimum for the 95% SLS with
0.15 M NaCl.3
Finally, the CMCs of the three solutions (99% SLS, 95%

SLS, and 95% SLS in 0.15 M NaCl), estimated from the
surface tension curves, are 0.35, 4.2, and 6.8 mM, respectively.
Although these differences just discussed are not extraordi-
nary and have been described elsewhere, they do verify the
presence of highly surface-active lauryl alcohol molecules at
pre-CMC concentrations followed by the formation of mixed
micelles at higher surfactant concentrations.3
Solubility EnhancementsThe solubility enhancement of

CBZ in the 99% SLS, 95% SLS, and 95% SLS with 0.15 M
NaCl solutions is shown in Figure 2. The equilibrium
coefficients were determined by regression analysis with eq

Stotal

Swater
) 1 + k*[Cm] (6)

Figure 1sSurface tension versus the log of the surfactant concentration for 99%
SLS, 95% SLS, and 95% SLS with 0.15 M NaCl.
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5 and are 295, 265, and 233 L/M, respectively. The differences
in the solubility enhancement and equilibrium coefficient of
CBZ in the three solutions are significant and may be due to
competition between the solute and lauryl alcohol monomer
for the micelle, closeness of packing between the monomers
in the micelle as a result of charge screening from the
electrolyte, or salting-out effects.13,19,26 For example, the
repulsion between monomers due to the charge on the
surfactant molecule may allow drug to be easily incorporated
in the micelle. The presence of electrolytes, resulting in
charge screening, may reduce this separation, thereby de-
creasing the solubility. In addition, surface-active impurities,
such as lauryl alcohol, may lead to less space available for
other molecules, resulting in a decrease in the solubility as
observed.
Intrinsic Dissolution Rate from a Rotating Disk and

Dissolution Rate EnhancementsThe intrinsic dissolution
rates of CBZ in the three SLS solutions as a function of
rotational speed and SLS concentration are shown in Figures
3, 4, and 5. Based on the observed linear relationship and
zero intercept, the dissolution was assumed to be diffusion
controlled according to eq 3. The data reported are the
average of three experiments ( the standard error of the

mean, except for the 1% SLS at 50 rpm data point in Figure
5, which is the average of two experiments.
In Figure 6, the reaction factor (i.e., enhanced dissolution

rate) is plotted as a function of surfactant concentration.15 The
slopes of these lines, as determined by linear regression, are
67.8 ( 2.8 for 99% SLS, 66.4 ( 3.1 for 95% SLS, and 69.3 (
6.9 for 95% SLS with 0.15 M NaCl. Although the slopes are
statistically the same, the degree of enhancement of the 99%
pure SLS is ∼10% greater than the other two solutions. All
of the regressed lines have intercepts greater than the
theoretical value of one that is likely due to the model
assumption that all micelles formed are the same size.
Differences in the degree of contribution to the total flux from
various sized micelles can result in deviations from theory and
have been discussed elsewhere.15
A positive deviation of the experimentally determined

effective diffusivity from the theoretical effective diffusivity
is also observed in Figure 7. The effective diffusivities in this
figure were calculated from the slopes of the intrinsic dis-
solution rate data in Figures 3-5 with eq 3, the theoretical
curve (dotted line) was calculated with eq 4, and the equilib-
rium coefficient and the micellar diffusivity were based on the
99% SLS data. In contrast, note that the diffusivity term is
not present in the equation for solubility enhancement (eq 6)
and an intercept of one is observed in Figure 2.

Figure 2sSolubility enhancement of CBZ in aqueous solutions of 99% SLS, 95%
SLS, and 95% SLS with 0.15 M NaCl.

Figure 3sIntrinsic dissolution rate of CBZ in 99% SLS (n ) 3).

Figure 4sIntrinsic dissolution rate of CBZ in 95% SLS (n ) 3).

Figure 5sIntrinsic dissolution rate of CBZ in 95% SLS with 0.15 M NaCl (n )
3).
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The diffusion coefficients of the drug-loaded micelles were
estimated from linear regression of the reaction factor data
in Figure 6 and eq 5. The diffusivity of the drug-loaded
micelle for the 99%, 95%, and 95% with 0.15 M NaCl solutions
are 8.4 × 10-7, 9.5 × 10-7, and 1.2 × 10-6 cm2/s, respectively.
These values are within the range of micelle diffusion coef-
ficients reported in the literature for SDS in the presence of
impurities and electrolytes determined by other methods.24-26

The differences in micelle size observed for the three solutions
can be attributed to several factors, such as, charge repulsion
between the hydrophilic groups of the SLS monomer or the
incorporation of alcohol impurities forming mixed micelles.
Addition of alcohol impurities or electrolytes may also reduce
this repulsion by producing micelles that are more closely
packed.
Effect of Surfactant Purity and Electrolytes on In

Vitro DissolutionMedia for Product TestingsThe results
of this study clearly illustrate the sensitivity of the micelle to
impurities and electrolytes with regard to size and loading
capacity. The differences observed in the intrinsic dissolution
profiles for the three solutions strongly suggest a potential

for failure in meeting product in vitro dissolution test speci-
fications based on variability that is unrelated to formulation
or processing. For example, USP/NF purity specifications only
require that SLS be between 96 and 100%. However, the data
in Figure 6 show a 10% difference between reaction factors
for the 99% SLS and 95% SLS or 95% SLS with 0.15 M NaCl;
so, it is reasonable to expect that dissolution profiles for
solutions prepared with SLS within this range of purity may
also exhibit significant differences.28 The addition of sodium
chloride to the 95% SLS did not effect the dissolution rate
enhancement, but it did decrease the solubility enhancement
and reduce the minimum in the log concentration-surface
tension plots. However, a general statement for all water-
insoluble drugs regarding the effect of electrolytes on dissolu-
tion cannot be made without more data. Each system must
be considered individually to take into account charge screen-
ing and salting out effects on the total flux, especially because
SLS is not the only surfactant available for this use.
When using surfactants in dissolution media for in vitro

testing of dosage forms, consideration must be given to the
level of impurities present so that the results are consistent
and reliable. Experimental methods for measuring or iden-
tifying the presence of surface-active impurities may be
necessary to insure reliable in vitro dissolution results. Such
experiments should provide measurement of physicochemical
properties of the monomer and micelle that have an impact
on the formation, solubilization, and dissolution characteris-
tics of micelles and may include solubility and surface tension
measurements. Intrinsic dissolution testing may be useful
for determining the combined effect that impurities and
electrolyte have on the total flux. When analyzed in conjunc-
tion with the dissolution profile of the dosage form, the
intrinsic dissolution rate can be used to help identify other
problems intrinsic to water-insoluble drugs such as particle
aggregation.

Glossary

Ci, concentration of species i (mg/cm3); Ci(o), concentra-
tion of species i at the surface of the solid (mg/cm3); Ci(b),
concentration of species i in the bulk (mg/cm3); Di, diffu-
sion coefficient of species i (cm2/s); j, flux (mg/cm2/s);
k*, equilibrium coefficient (cm3/mg); Si, solubility of species i
(mg/cm3); γi, surface tension (N/m); ν, kinematic viscosity
(cm2/s); ω, rotational speed (radians/s); νz, axial velocity
-0.51‚(xω/ν)‚z2
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