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Abstract

The development of a liquid dosage form requires a comprehensive understanding of physicochemical properties
unique to solutions. The objective of this study was to investigate the behaviour of MK-0476, a potent leukotriene
D, receptor antagonist, using determination of solubility characteristics, surface tension measurements, static and
dynamic light scattering, and near-UV spectroscopy. More specifically, the self-association behaviour of aqueous
solutions of MK-0476 was investigated as a function of ionic strength, pH and temperature. The observed
pH-solubility profile deviated markedly from the expected profile suggesting a self-association behaviour. The ionic
strength influenced the solubility and surface activity. The critical micelle concentration (cmc) determined by
tensiometry at pH 10.0 decreased from 162 uM to 14 uM with increasing ionic strength, and a linear relationship
between logarithm of cmc and the logarithm of the total counterion concentration was obtained. The ¢mc determined
from surface tension measurements was marginally affected by pH in the range of 8.8 to 10.8 in a constant ionic
strength (# = 0.05) glycine-KOH buffer. Results from surface tension measurements showed that temperature had
no effect on the self-association phenomenon in the range 25°-37°C. Light scattering data indicated that at low ionic
strength and basic pH, micelles of an average hydrodynamic radius of 1.6 nm exist. The addition of 150 mM of NaCl
increased micelle size to approximately 40 nm. The radius of gyration of these aggregates measured by the angular
dissymmetry method were larger than the hydrodynamic radii calculated from dynamic light scattering measurements,
indicating an elongated shape. Understanding the surface active behaviour of MK-0476 and establishing the critical
parameters affecting its self association provided valuable insight towards the development of a liquid dosage form.
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1. Introduction

Drug molecules with both hydrophillic and hy-
drophobic regions can be classified as amphiphiles
and, by nature, are surface active. One of their
inherent features is to self associate in solution.
Examples of amphiphilic drugs include disodium
cromoglycate (Cox et al., 1971), diphenylmethane
analgesics (Attwood and Tolley, 1980), tricyclic
antidepressants (Attwood and Fletcher, 1987),
and phenothiazines (Attwood et al., 1993). The
surface activity of drugs in aqueous solutions
causes them to accumulate at the air-liquid inter-
face at low concentrations, thus depressing the
surface tension of water. At higher concentra-
tions, that is, above the critical micelle concentra-
tion (cmc), these molecules tend to aggregate in
solution to form micelles. The biological and
pharmaceutical implications of surface activity
may be important to the pharmacokinetic and
pharmacodynamic behaviour, and may influence
technological development (Thoma and Albert,
1983). Solubilization of preservatives and other
excipients, stability of drugs in surfactant systems,
the influence of surfactant on the dissolution rate
of solids, and the influence of surface activity on
bioavailability and toxicity are just a few exam-
ples (Florence, 1981; Attwood and Florence,
1983). More specifically, the self-association prop-
erties of some molecules cause important changes
in solubilization behaviour. Deviations from pH-
solubility profiles have been attributed to micelle
formation for prostaglandin F, (Roseman and
Yalkowsky, 1973), clindamycin (Rowe, 1979), 3-
(4-heptylbenzoyl) benzoic acid (Pandit and
Strykowski, 1989), and XD405 (Maurin et al.,
1993). Molecular aggregation via a stacking self
association was the probable cause of the devia-
tion in the case of brequinar sodium (King et al.,
1989). Self association between molecules can also
profoundly affect their chemical stability as in the
case of corticosteroids (Flynn and Lamb, 1970;
Anderson et al.,, 1983), penicillin G (Ong and
Kostenbauder, 1974) and flupenthixol (Enever et
al., 1979). Some leukotriene inhibitors and antag-
onists are prone to be surface active as demon-
strated independently by Pandit and Strykowski
(1989) for a benzoic acid derivative and by Vadas

et al. (1991) for a propanoic acid derivative. Even
though these molecules differ remarkably, they
share common structures in as much that they
both have a concentration of polar and nonpolar
groups at opposite ends of the molecules.

During the preformulation of MK-0476, it was
noted that the compound possessed unusual solu-
tion characteristics. Aqueous solutions of the
compound have high native pH (> 9.5), precipi-
tate at concentration < 5 mg/mL, and foam read-
ily upon agitation. The latter property is usually
an indication of surface activity. The structural
formula of MK-0476 (Fig. 1) reveals potential
regions of hydrophillic and lipophilic interactions
with an aqueous environment. The characteriza-
tion of the physicochemical properties unique to
solutions are important in the formulation of
compounds in non-solid dosage forms such as
oral solutions and injectables. An understanding
of the critical parameters that can affect drug
solubility or stability such as ionic strength, pH,
and temperature will provide the formulator with
valuable insight into defining the strategies for the
development of a suitable dosage form.

In this study, aqueous solution properties of
MK-0476, a potent selective leukotriene D, recep-
tor antagonist, were characterized using the deter-
mination of its solubility, surface tension
measurements, light scattering, and near-UV spec-
troscopy in order to understand the solution and
self-association behaviour of the compound.
More specific objectives of the study were to
investigate the surface active properties of MK-
0476 as a function of ionic strength, pH, and
temperature.

COOH

Fig. 1. The structural formula of the free acid form of MK-
0476.
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2. Materials and methods
2.1. Materials

MK-0476, a crystalline sodium salt (mol. wt.
= 608.2), was received from Process Chemistry
(Merck Research Laboratories, Rahway) and
used without further purification. The purity
stated was 99.4% as determined by area percent
HPLC. All other chemicals used were reagent
grade.

2.2. Solution characteristics

A pH-solubility profile was determined in
aqueous buffers from pH 1.4 to 8.4. A series of
buffer system (e.g., glycine, acetate, phosphate,
TRIS) with constant ionic strength (z = 0.05)
were prepared to cover the desired pH range.
Teflon lined screw-cap borosilicate 15 mL vials
containing exactly 10 mg of MK-0476 and clean
glass beads were filled with 10 mL of the buffer.
The glass vials were fitted on a rotating wheel
shaker (Glas-Col, model RD4512), covered with
an aluminium foil to protect the solutions from
light, and mixed at 20 rpm. After 16 h of mix-
ing at room temperature, 3 mL aliquots were
centrifuged at 14000 rpm (Brinkman Instru-
ments, model Eppendorf 5415C) for 15 min, and
the pH of the supernatant was measured (Fisher
Scientificc, model Accumet 50). The solubility
was determined by a reversed-phase HPLC
method which consisted of a HPLC HP1050
(Hewlett-Packard), a MetaChem Inertsil-ODS2
column, and a mobile phase containing acetoni-
trile, trifluoroacetic acid and water. The data are
averages of duplicate or triplicate determina-
tions.

The effect of ionic strength on the physical
stability of a 0.1% w/v MK-0476 aqueous solu-
tions was studied using a qualitative evaluation.
Solutions containing MK-0476 and sodium bi-
carbonate, used to adjust ionic strength, were
appraised visually for signs of instability (i.e.
cloudiness) initially after mixing and after 24 h
at room temperature.

2.3, Tensiometry

Surface tension measurements were made with
a Cahn Dynamic Contact Analyzer (Cahn In-
struments, model DCA-322) based on the Wil-
helmy plate method. The inner chamber of the
instrument was flushed with nitrogen at 100 mL/
min and protected from light. The temperature
was controlled with a Haake D-8G circulation
bath (Haake GmbH). Unless otherwise noted,
all studies were conducted at 25 + 0.02°C. The
investigation of surface activity was made with
fresh solutions prepared in degassed distilled wa-
ter (Milli-Q — reagent grade) adjusted to the
desired pH using NaOH or HCl. After dissolu-
tion, the pH was verified using an Accumet 50
pH meter (Fisher Scientific). Sodium chloride
(reagent grade) was used to adjust the ionic
strength. The surface tension data were plotted
against the logarithm of the concentration as
the abscissa, and the intersection of a descend-
ing line and another one close to the horizontal
was taken as the cmc (Murkerjee and Mysels,
1970). Each data point represents the average of
a duplicate or triplicate experimental run. The
effect of pH using a glycine-KOH buffer at a
constant ionic strength (¢ = 0.05) was studied
using the AutoCMC accessory of the Dynamic
Contact Analyzer (Cahn Instruments). In this
mode, an automatic titrator controls the addi-
tion of the surface active molecule to a test so-
lution and records the surface tension. A
regression program calculates the cmc as de-
scribed above.

2.4. Light scattering

Light scattering experiments were performed
with a Malvern 4700 Spectrometer (Malvern)
equipped with a 5 W argon laser (Spectra Physics)
operating at 488 nm and a photomultiplier detec-
tor capable of multiangle measurements (i.e. 21
angles from 20 to 120 degrees). The temperature
of the sample compartment was maintained at 25
+ 0.02°C. The parameters for most sensitive
detection were 250 mW and a detector aperture of
300 gm while a lower aperture was used for
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comparative measurements of the strongly scatter-
ing aggregates. Aqueous solutions of MK-0476
(10 mg/mL) were prepared at different pH values
(7.5-12.5) and ionic strengths (0—200 mM NaCl)
in degassed distilled water. Solutions containing
aggregated material were filtered through 0.1 ym
filters. Quartz cuvettes, thoroughly washed in dis-
tilled water and dried under vacuum, were used to
ensure the absence of interfering dust particles.
Square cuvettes (0.5 mlL) were used for ionic
strength and pH studies, while round cuvettes (5
mL, diameter = 2 cm) were used for the mea-
surement of the dependence of intensity on scat-
tering angle. Polystyrene spheres, used as particle
size standards, were purchased from Duke Scien-
tific.

Analysis of the autocorrelation function of the
variations of the scattered light arising from
Brownian motions of micelles in solution yielded
an average diffusion coefficient (Koppel, 1972).
The Stokes-Einstein equation was then employed
to calculate the z-average hydrodynamic radius,
R, (Candau, 1987). The static light scattering data
were analyzed using:

Hc/Ry = /M, (I + 1/3*K**R ) Eq. |

where H is a light scattering constant, c is
solute concentration, R, is the Rayleigh ratio, M,
is the weight-average molecular weight, K is the
scattering vector which depends on sin*¢/2), and
¢l is the scattering angle, and R, is the root mean
square radius of gyration, corresponding to the
average distance from the centre of mass. Since
the Rayleigh ratio is proportional to the scattered
light intensity, it can be obtained by comparing
the intensity from the sample with the intensity of
some reference solvent of known Rayleigh ratio
such as toluene (Chu, 1991). By extrapolation of
the intensity data to zero angle, the term contain-
ing K and R, becomes zero, and the resulting
intensity becomes proportional to the molecular
weight. The refractive index increment (dn/dc)
value for MK-0476 was found to be 0.264 mL/g
employing an Optilab 903 interferometric refrac-
tometer (Wyatt Technology Corp.) calibrated
with a sodium chloride solution (dn/dc = 0.181
mL/g).
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Fig. 2. The pH-solubility profile of MK-0476 at room temper-
ature.

2.5. Near-UV spectroscopy

Near-ultraviolet absorption measurements were
performed using a diode-array double beam
Hewlett-Packard ~ 8450A  spectrophotometer
(Hewlett-Packard). Quartz cuvettes of 1, 2 and 10
mm pathlengths were used depending on the con-
centration. The instrument’s software was used
for derivative calculation and smoothing. Spectral
band positions were defined as the X-intercept of
the second derivative plots with wavelength axis
near 342 nm. The intecepts were calculated by
linear interpolation between discrete, 1-nm spaced
data points. The data are averages of at least
triplicate determinations.

3. Results and discussion

3.1. Solution characteristics

The solubility of MK-0476 as a function of pH
is presented in Fig. 2. The shape of the pH-solu-
bility profile is U-shaped indicative of a zwitte-
rion. It is possible to determine the apparent pKas
and intrinsic solubility of the compound using a
curve fitting procedure. The apparent pKas found
were 2.8 and 5.7, and the intrinsic solubility of the
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free acid form of MK-0476 is equal to 0.2 pg/mL.
The intrinsic solubility of the free acid was deter-
mined independently and found to be equal to 0.5
ug/mL which is in close agreement with the value
extrapolated from the pH-solubility profiles. The
apparent pKas are different from the expected
values for a nitrogen in a quinoline ring which is
usually closer to 3.9 and for the carboxyl group
which is usually closer to 5. This observation has
been made for a precursor of MK-0476 (Vadas et
al., 1991), and it was hypothesized that the orien-
tation of the molecule and local effects at the
molecular levels were probably responsible for the
observed differences.

The effect of ionic strength adjusted with
sodium bicarbonate on the physical stability of
MK-0476 solutions is presented in Table 1. The
pH of these solutions varied between 8.5 and 8.6.
The maximum ionic strength for physical stability
appears to be 0.07 < y < 0.08. At 4 > 0.08
aqueous solutions of MK-0476 were physically
unstable.

3.2. Tensiometry

The measurement of surface tension is one of
the preferred methods to investigate surface activ-
ity of solutes. As shown in Fig. 3, there is a sharp
break in the surface tension versus concentration
curves for the aqueous solutions of MK-0476
indicative of micelle formation.

The effect of increasing the ionic strength by
adding NaCl (up to 200 mM) leads to a decrease

Table 1
The effect of ionic strength on the physical stability of a 0.1%
w/v solution of MK-0476

lonic Strength (mM Appearance of Solution

75

] OmM NaCl

j 10mM NaCl
50mM NacCl
100mM NaCli
150mM NaCl
200mM NacCl

oOod pOO

Surface Tension (mN/m)

4+

Log Concentration (M)

Fig. 3. The effect of ionic strength adjusted with NaCl on the
surface activity of MK-0476 in aqueous solutions at pH 10.0
and 25°C.

in cme to 14 uM (Table 2). The cmc is known to
be affected by the concentration of counterions
present in aqueous solutions, therefore the de-
crease in cmc was anticipated (Attwood and Flo-
rence, 1983). The relationship derived from the
mass-action theory of micelle formation can be
expressed in the following form:

logeme = —(1 — a)log X~ + 4 G;j2.303RT
+ 1/NlogF(M;) Eq.2

where o is the degree of ionization of the mi-
celle, X is the counterion concentration, 4Gy, is
the standard free energy of micellization (per mole
of monomeric drug ion), R is the gas constant, T

Table 2
The influence of ionic strength on the cmc determined by

NaHCOs) tensiometry of MK-0476 at 25°C and pH 10.0
Initial 24 h Ionic Strength (mM NaCl) cmce (4 M)
30 Clear Clear 0 161.6
60 Clear Clear 10 54.4
70 Slightly cloudy Clear 50 19.8
80 Cloudy Cloudy 100 15.6
90 Cloudy Cloudy 150 13.8
120 Cloudy Cloudy 200 14.1




64 R. Thibert et al. | International Journal of Pharmaceutics 134 (1996) 59-70

-5.0
-5.2 - ©  pH10.0
1 g pH115
-5.4—_ 4 pH125
-5.6
o 584
5 601
6.0 e}
§’ .
6.2 -
-6.4
1 A
6.6 \
-6.8 oo
7.0 e
-7 -6 -5 -4 -3 -2

Log (total counterion concentration)

Fig. 4. The relationship between the logarithm of the cmc and
the logarithm of total counterion concentration for aqueous
solutions of MK-0476 at 25°C.

is the absolute temperature, N is the aggregation
number of the micelle, M} is the mole fraction of
micelle, and F is a term involving the activity
coefficient of all species present in solution
(Attwood and Florence, 1983). In the strictest
sense, the micellization constant should be ex-
pressed in terms of activity instead of concentra-
tion of the chemical species when the mass-action
model of micelle formation is observed. However,
because of electroneutrality constraints which can
only be expressed in terms of concentration, the
term F includes the activity coeflicients of the
species involved (Attwood et al., 1993; Moroi,
1988). As seen in Fig. 4, plots of the logarithm of
cmc (mole fraction) as a function of the logarithm
of the total counterion concentration (mole frac-
tion) are linear for the aqueous solutions in the
range of pH 10.0 to 12.5. The degree of ioniza-
tion, «, calculated from the slopes of these linear
plots yielded values of 0.64, 0.83 and 0.93 for pH
10.0, 11.5 and 12.5, respectively. The degree of
ionization is high which corresponds to the rich
ionic environment of the basic solutions. The
intercept obtained on extrapolation to log X = 0
may be equated with 4 Gg,/2.303RT thus enabling
AGg, to be estimated (Eq. 2). The free energy of
micelle formation calculated from the regression

analysis converge to a value of —17.7 + 0.9
kJ/mol.

The effect of pH on the self association of the
compound was initially studied by adjusting the
pH of aqueous solutions with NaOH to the de-
sired values. Using this approach, the surface
tension profiles of aqueous solutions of MK-0476
indicate that the surface activity was influenced by
the pH (Fig. 5). The cme changes from 162 uM at
pH 10.0 to 21 uM at pH 12.5. However, in these
experiments the ionic strength was not uniform
and undoubtedly contributed to changes in the
cmc values. This was confirmed in subsequent
experiments in which the cmc was determined at a
constant ionic strength (# = 0.05) with a glycine-
KOH buffer in the pH range 8.8 to 10.8. Under
these conditions, the cme remains relatively stable
at 11.8 £ 1.9 uM (Table 3).

The effect of temperature on the surface activity
of MK-0476 was also investigated. At pH 10.0
and 150 mM NaCl, the cmc at 25°C and 37°C are
essentially identical, 13.7 uM and 12.9 uM, re-
spectively. A slight decrease in surface tension
from ca. 50 mN/m at 25°C to ca. 48 mN/m at
37°C was observed yielding a dy/dT = 0.167.
However, this may be caused by thermal effects
on the water and is not considered to be signifi-

74
72 -
70 .
68 - |
66 . |
64 -
62 -
60 -
58 -
56 -
54 ..
52 -
50 -
48 -

Surface Tension (mN/m)

Log Concentration (M)

Fig. 5. The effect of pH on the surface activity of aqueous
solutions of MK-0476 where the pH is adjusted with NaOH at
25°C.
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Table 3

The effect of pH on the cme ( + standard deviation, n = 2 or
3) of aqueous solutions of MK-0476 in a constant ionic
strength (1 = 0.05) glycine-KOH buffer at 25°C

pH cme (uM)
8.8 88 + 0.7
9.4 10.0 + 0.9
9.8 112 + 0.2
10.0 139 + 32
10.2 113 + 2.7
10.4 119 + 23
10.6 13.6 + 3.2
10.8 13.8 + 0.7

cant since the literature value dy/dT for pure
water at 25°C and 40°C is equal to 0.161 (Weast,
1984).

3.3. Light scattering

The results of light scattering studies on the
influence of ionic strength and pH at 25°C on the
micellar size of MK-0476 are shown in Fig. 6. The
formation of insoluble material at pH < 8.5 is
marked in the plot by the appearance of aggre-
gates with R, > 100 nm. Nuclear magnetic reso-
nance (NMR) measurements carried out on the
precipitate showed that it was the free acid form

30
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Hydrodynamic Radii (nm)

1

50 \é\\&

100 ¢

50 &
\°°\

Fig. 6. Influence of ionic strength and pH on the hydrody-

namic radii of MK-0476 micelles in aqueous solutions at 25°C.
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Fig. 7. Angular dependence of hydrodynamic radius of
polystyrene size standard particles and MK-0476 (straight lines
represent least-squares fits).

of MK-0476 (L. Trimble, personal communica-
tion). It can be seen that at low ionic strength ( <
50 mM NaCl) and pH 10, the compound exists in
solution as micelles with a R, = 1.6 nm. The
micellar size appears to be in the range of approx-
imately 2 nm in moderate amounts of sodium
chloride (50100 mM) at pH 9.5-10.5. A sodium
chloride concentration of 150 mM or more in-
duced the formation of aggregates with a R, of
approximately 40 nm. The same effect is observed
in 100 mM NacCl at pH values above 11, where
the ionic strength from the added NaOH exceeds
50 mM. This ionic strength effect may be at-
tributed potentially to the electrostatic shielding
of repulsive forces between negativelv charged
micelles allowing short-range forces to take effect
(i.e. hydrophobic, van der Waals or hydrogen
bond interactions). The structure of the com-
pound (Fig. 1) shows several areas which lend
themselves to these types of interactions.

In order to assess the size of the aggregates
observed at high ionic strength, R, and the scat-
tering intensity at a range of angles were mea-
sured at the following conditions: 150 mM NaCl,
pH 11.5, and MK-0476 = 0.14 mg/mL (Figs. 7
and 8A, respectively). As standards, monodisperse
polystyrene spheres of comparable dimensions
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were also analyzed to provide reference data. As
expected, the hydrodynamic size of the
polystyrene standard spheres varied little when
observed at various scattering angles indicating a
homogenous population (Fig. 7). However, the
more pronounced angular dependence of the R,
of MK-0476 suggests some size variability. Since
calculations of the average diffusion coefficient
from the autocorrelation function yields a z-aver-
age value which is heavily weighted towards the
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600 | e
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= ! 0 O Polystyrene '
@ 1 O MK-0476 |
E 400 |~ |
g2 1 ™
% 300—2
[)] | &g T
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100 4 |
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QQ“/ D/jj/[]
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B | )
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Fig. 8. Static light scattering of MK-0476. (A) Angular depen-
dence of the relative intensity of scattered light for polystyrene
size standard particles and MK-0476. (B) Data plotted as
reciprocal and fitted to Eqn. 3.

aggregates, the increase of R, at small angles may
potentially arise from a relatively small fraction of
aggregates (i.e. 40-50 nm). For aggregates in this
size range, the intensity of scattered light rapidly
decreases with increasing angles (Fig. 8A). Thus,
the high scattering intensities at small angles may
be partially due to a subpopulation of aggregates.

Using theoretical equations predicting particle
scattering factors viz. their angular intensity de-
pendence (van Holde, 1985), it can be shown that
for particles with R, in the 10-50 nm range,
spherical shape particles produce roughly linear
plots of intensity as a function of sin*(6/2),
whereas rod-like particles yield well defined curva-
tures at low angles and their reciprocal plots tend
to be linear (H. Mach, unpublished results). Thus,
the lack of similar intensity variations at low
angles for the polystyrene standard may be ex-
plained not only by size homogeneity but also by
its spherical shape. Angular dissymmetry was
used to determine R, of the micelles and, by
comparison to the R, the shape of the micelle can
be inferred (van Holde, 1985). In order to assess
R,, the reciprocal of the intensity was plotted
against sin*(6/2), and R, values were calculated
from the expression (Slayter et al., 1985):

R, = (2550 * slope/intercept)'”  Eg.3

The results obtained were R, = 47.9 nm for
the polystyrene spheres and R, = 80.2 nm for
MK-0476 (Fig. 8B). The relation R, to R, is
dependent on the overall size of the micelle. How-
ever, equations have been derived for the theoret-
ical prediction of values for both R, and R, in the
case of spheres, ellipsoids, random coils and thin
rods (van Holde, 1985). Although only two shape-
describing parameters are being used for the non-
spherical particles, there is a trend in the predicted
R, /R, ratios ranging from 1.29 for spheres to
approximately 0.6 for thin rods (Young et al.,
1978). In this experiment, the values of R, extrap-
olated to zero angle (Fig. 7) are 47 nm for
polystyrene, and 50 nm for MK-0476 yielding
R, /R, ratios of 1.0 and 0.6, respectively. These
results indicate notable elongation of the MK-
0476 aggregates. These data are to be treated with
caution, however, since several approximations
are made. The solvent non-interacting spherical
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shape is assumed when calculating hydrodynamic
radii based on the diffusion coefficient. In addi-
tion, the radius of gyration is estimated from the
intensity reciprocal plot. Furthermore, when the
intensity data are analyzed by an equation which
includes more than one term from a power series,
thus avoiding several approximations, and a het-
erogenous population is assumed, the R,/R, val-
ues are comparable to those obtained for spheres
(not illustrated). Despite the many uncertainties
regarding the validity of the shape estimation
from light scattering, the method has been utilized
in studies of many surfactant and macromolecules
(Young et al., 1978; Slayter et al., 1985; van
Holde, 1985; Shorgren et al., 1986; Murphy et al.,
1990; Schurtenberger and Augusteyn, 1991). Simi-
lar results to those seen here for MK-0476 were
obtained for sodium dodecyl sulfate at high ionic
strength, where micelles with R, of about Inm
formed aggregates having R, as large as 20 nm
(Young et al., 1978). The data were found to be in
agreement with predictions based on a rod-like
shape. Whether or not the aggregates are com-
posed of defined micelles is under investigation.

By measuring molecular weights of micelles, the
aggregation number (n) can also be determined
from light scattering data. Eq. 1 was used to
obtain estimates of average aggregation numbers
for micelles (R, = 1.6 nm), and aggregates (R,
zx 40 nm). There is no angular dependence of the
scattered light for the initial micelles, thus Eq. 1
can be rearranged to the following expression to
calculate the molecular weight (M,,) for incident
light wavelength at 488 nm using toluene as a
standard solvent:

M, = 1240 *I/(1,* ¢ * (dn/dc)*) Egq.4

where 1 is the scattered light intensity of the
solute, [, is the scattering light intensity of the
reference solvent, ¢ is concentration (mg/mL), and
dn/dc is refractive index increment (mL/g). A
molecular weight of 11000 was obtained, equiva-
lent to an aggregation number of 18. In order to
estimate the aggregation number of the 40 nm
aggregates, the value of the scattering intensity at
zero angle was found by extrapolation of the
reciprocal intensity plot (Fig. 8B). Eq. 4 was then
used, assuming that the amount of primary mi-
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Fig. 9. (A) Static light scattering studies showing the intensity
of scattered light as a function of concentration for a
polystyrene size standard and MK-0476 in aqueous solutions
at 200 mM NaCl, pH 10.5 and 25°C. (B) Dynamic light
scattering studies showing the z-average hydrodynamic radii as
a function of concentration for a polystyrene size standard and
MK-0476 in aqueous solutions at 200 mM NaCl, pH 10.5 and
25°C.

celles at high ionic strength is negligible. An ag-
gregation number of 16300 was obtained,
equivalent to an assembly of approximately 900
primary micelles.

The dependence of micellar size on the concen-
tration at pH 10.5 and 25°C of MK-0476 in
aqueous solutions containing 200 mM NacCl can
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be seen in Fig. 9A. In the case of polystyrene
spheres, a linear response of scattered light inten-
sity as a function of concentration is obtained
with the monodisperse non-interacting particles.
On the other hand, MK-0476 manifests a strong
concentration dependence on scattered light inten-
sity. Extrapolation of the linear portion of the
plot (region B — Fig. 9A) leads to a cmc of 164
uM for the 40 nm species. Fig. 9A and B illus-
trate the qualitative differences between static and
dynamic light scattering and help to explain the
previous observations. The static intensity mea-
surements yield a weight-averaged molecular
weight which strictly reflects the aggregation phe-
nomenon occurring in solution. The dynamic R,,
determinations yield a z-average where a few large
species skew the results. This discrepancy can be
seen by observing the z-average results in the
0.02-0.06 mg/mL range where R, reaches an
asymptomatic 40—45 nm value while the intensity
results indicate that primary micelles are still
present.

3.4. Near-UV spectroscopy

In principle, near-UV spectroscopy can be uti-
lized to detect changes of the microenvironment
of aromatic residues of MK-0476 which result
from incorporation of parts of the molecules into
the hydrophobic interior of the micelles. As men-
tioned previously, analysis of the scattering inten-
sity versus concentration plot at pH 10.5 (Fig.
9A) indicates that self association starts at a con-
centration of MK-0476 of approximately 50 yM
(extrapolation of region A to the X-intercept).
When a 200 mM NaCl solution was employed,
the aggregates were detectable at 15 uM of MK-
0476 (not shown), implying involvement of elec-
trostatic shielding in the formation of these
aggregates. In order to monitor the changes of the
microenvironment of aromatic rings of MK-0476
upon incorporation into micelles, near-ultraviolet
absorption band positions of the drug were mea-
sured at different conditions (Fig. 10A). A spec-
tral shift is observed upon micelle formation,
which can be seen in a plot of the second deriva-
tive of the absorbance plot at the wavelength axis
near 342 nm (Fig. 10B). A decrease of ionic

strength dramatically increases the cmc from 10.2
uMat p = 0.150, to 41 uM at u = 0.010, and
164 uM at 4 = 0 (Fig. 11). The spectral bands of
MK-0476 are shifted approximately 3.5 nm to
higher wavelengths upon the change of the mi-
croenvironment from the aqueous solution to the
interior of the micelle. At MK-0476 concentration
of 50-500 uM, where the aggregates are formed,
further shifts are small, reflecting less burial of
hydrophobic surfaces. Whether this behaviour is
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Fig. 10. (A) Ultraviolet spectra of MK-0476 at different ionic

strength in aqueous solution. (B) Second derivative spectra of
320-380 nm region based on data shown in (A).
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Fig. 11. MK-0476 spectral band positions as a function of
concentration at various ionic strength.

due to the free energy decrease per residue upon
aggregation or a larger involvement of polar in-
teractions remains to be determined.

4. Conclusions

It was demonstrated that MK-0476 showed sig-
nificant surface activity in aqueous solution. Ten-
siometry showed that the cmc of MK-0476 was
162 uM at pH 10.0 in aqueous solution at 25°C.
Ionic strength strongly influenced self association.
The self-association properties of MK-0476 ap-
peared to be only marginally affected by pH
(range 8.8-10.8) and temperature (range 25°-
37°C). Increases in ionic strength lowered the cmce
of micelles (R, = 1.6 nm) and promoted the
aggregation to high molecular weight complexes
(R, =~ 40 nm). The aggregation numbers were
found to be approximately 18 for micelles, and
16 300 for the aggregates. These experiments have
helped to characterize the critical parameters
affecting the behaviour of MK-0476 in solution
and have provided useful insight into the develop-
ment of non-solid dosage forms. The understand-
ing of the critical role of ionic strength and pH
effects have made it possible to formulate stable

solutions where the ionic strength and pH have
been optimized to provide maximum stability and
solubility.
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