Table III—Muscle Relaxant Effect of Caracurine V and Its N-
Oxides in Mice®

Dose, Screen Grip
Compound mg/kg Test

Ia 6 -

10 ++

13 ++++(lethal)
b 10 -

18 ++

25 ++(lethal)
Ic 25 -

40 +++

60 ++++(lethal)

@ The activity was determined with the screen grip test as it was used in the
screening of Strychnos plant material (1, 2). The loss of screen grip is rated as fol-
lows: ++++, the mouse falls off as the screen is tilted to a 45° angle; +++, the
mouse falls off as the screen is tilted to a 90° angle; ++, the mouse falls off as the
screen is inverted; and +, the mouse falls off at the first gentle shake.

considerably were C-20 and C-19, 5.04 ppm downfield and 6.44 ppm
upfield, respectively. These shifts agree with those observed for strych-
nine N-oxide. The shifts of the signals of the other carbons, although not
as large as those mentioned, are also in good agreement for both caracu-
rine V and strychnine (Tables I and II).

The spectrum of Ib obviously results from the addition of the spectra
of Ia and Ic. Whether or not the N-oxides are artifacts is difficult to say.
The N-oxides are readily formed, for example, in chloroform solution
(3). However, on TLC of a freshly prepared 1% acetic acid in water extract
of the stem bark of S. dolichothyrsa, the N-oxides were observed. The
N-oxides were tested in the pharmacological screening as described in
investigations of ‘African Strychnos species (1, 2). Both compounds
proved to be less toxic and less active as muscle relaxants than caracurine
V (Table III).
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Abstract 00 The pattern of association of the trihydroxy bile salts in
aqueous electrolyte solutions was investigated utilizing the light-scat-
tering technique. The turbidity of the bile salts sodium cholate, sodium
taurocholate, and sodium glycocholate was determined over the con-
centration range of 0-25 mg/ml at 25°, For sodium cholate, the concen-
tration of the supporting electrolyte was varied from 0.15 to 0.5 M. For
all bile salts in 0.15 M electrolyte, the turbidity was determined in sodium
fluoride, sodium chloride, sodium bromide, and sodium iodide. Com-
parison of the light-scattering data with a monomer-micellar model
showed that qualitative agreement was obtained; however, quantitative
agreement could not be achieved. Further examination of the data showed
that the light-scattering results were in good agreement with a model that
includes dimers, trimers, and a higher aggregate containing approxi-

mately eight monomeric units.

Keyphrases O Sodium cholate—pattern of association in aqueous
electrolyte solutions, light-scattering study B Sodium glycocholate—
pattern of association in aqueous electrolyte solutions, light-scattering
study O Sodium taurocholate—pattern of association in aqueous elec-
trolyte solutions, light-scattering study 0O Association—sodium cholate,
glycocholate, and taurocholate, pattern in aqueous electrolyte solutions,
light-scattering study O Light scattering-—study of pattern of association
of sodium cholate, glycocholate, and taurocholate in aqueous electrolyte
solutions 01 Bile acid salts—pattern of association in aqueous electrolyte
solutions, light-scattering study

The mechanism by which bile salts solubilize various
solutes such as steroids, fat-soluble vitamins, and drugs
has often been described following the model for detergent
micelles (1). In this model, it is assumed that a reversible
equilibrium exists between monomeric species and mi-
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celles. The polydispersity of the micelle is assumed to be
quite small. The micelle size is dependent on the nature
of the bile salt, i.e., the number of hydroxyl groups and
conjugation, as well as on temperature, pH, ionic strength,
ete. (2).
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Figure 1—Plots of the turbidity, 1, versus concentration of sodium
cholate in 0.15 M sodium halides. Each division on the ordinate repre-
sents & X 10=5cm 1. The intercepts representing the turbidity of the
solvent are: sodium jodide, 5.98 X 10~°% cm~1; sodium bromide, 5.32 X
1075 cm~=1; sodium chloride, 5.07 X 10~5 cm~1; and sodium fluoride,
485 X 107%em~—1

In contrast, other studies (3-6) suggested that the self-
association of the bile salts occurs in a stepwise fashion and
that various concentration limits for the association pro-
cess can be defined. The concentration limits are ap-
proximately the same for all trihydroxy bile salts, while
different limits exist for all dihydroxy bile salts. These
concentration limits define regions over which the asso-
ciation process remains relatively constant. Discrete
changes in both the nature of the association and the
aggregation number are thought to occur at these con-
centration limits.

Recently, Mukerjee and Cardinal (7) investigated the
self-association of the bile salt sodium cholate in water in
the absence of added electrolytes. An attempt was made
to explain the variation in total naphthalene solubility as
a function of the sodium cholate concentration on the basis
of various self-association models. Comparison of the so-
dium cholate solubilization data with solubilization data
from a typical micelle-forming system, sodium dec-
anesulfonate, showed clearly that the solubilization process
for sodium cholate does not resemble a micellar system.
In addition, the solubility data were inconsistent with the
reported concentration limit model (3-6).

Mukerjee and Cardinal (7) also concluded that the
solubilization data were consistent with a model that re-
quires the existence of dimers and some higher oligomers.

More definite conclusions could not be reached because

of uncertainties of the assumed models. A similar conclu-

sion about the concentration limit model was also reached

(ki)y Vitello (8) based on the analysis of light-scattering
ata.

The purpose of the present study was to examine the
self-association pattern of the bile salts. The variation of
the light scattered as a function of concentration was ob-
tained for sodium cholate, sodium glycocholate, and so-
dium taurocholate in 0.15 M sodium halides. The effect of
electrolyte concentration was determined for sodium
cholate. The light-scattering curves were examined in
terms of various association models.

EXPERIMENTAL

Materials—Cholic acid! was recrystallized according to the method
of Hofmann (9). Taurocholic acid and glycocholic acid were synthesized
from cholic acid according to the method of Lack et al. (10). All bile acids
were found to be free of other bile acids by TLC (100-ug spot). In addition,
the conjugated acids were found to be free of glycine ethyl ester or taurine
by TLC.

In all cases, the sodium salts were obtained by titration of the free acid
with sodium hydroxide to pH 10.0 in water. The solid salts were obtained
by solvent removal in a flash evaporator followed by overnight drying in
a vacuum oven at 45°. All inorganic salts were used as received, except
sodium fluoride which was recrystallized from water.

All water was obtained as follows: laboratory distilled water was passed
through an ion-exchange column?, distilled twice from an all-glass still,
and stored in all-glass containers.

Apparatus—Light-scattering measurements were made with a
light-scattering photometer3 using the small dissymmetry cell? centered
in the light beam with four polymer pieces of equal width. These pieces
were utilized to align the cell in the light beam by the scored markings
on the cell table supplied with the instrument.

Refractive index measurements® also were obtained. Temperature
control® of the refractometer was maintained at 25 + 0.2°. The pH
measurements were made with a digital pH meter”.

Light-Scattering Measurements—Solutions for the light-scattering
measurements were made either by dilution or by direct weighing of the
required quantities. All dilutions were made from initial stock solutions
adjusted to pH 10.0.

The usual methods employed for the removal of particulate matter
from solutions for the light-scattering measurements, such as repeat
filtration or ultracentrifugation, were inadequate for this investigation.
However, the following procedure yielded particulate-free solutions. A
syringe was filled with 50 ml of the solution for measurement, approxi-
mately 25 ml of this solution was filtered (0.22-um filter® pore diameter)
and saved for future use, and, without removal of the applied pressure,
the final portion of the solution was filtered directly into the light-scat-
tering cell. The scattering cell had been cleaned previously in an appa-
ratus of the type designed by Schipmann and Farber (11).

With this technique, scattering ratios reproducible within the ability
to read the galvanometer deflection were obtained. This reproducibility
was found for both repeat measurements of the same sample and for
successive portions of a sample of a given concentration.

The light-scattering measurements were obtained at 436 nm at room
temperature, which was close to 25°. The instrument was calibrated
routinely with water according to the method of Huisman (12). The value
of 4.79 X 1075 cm~! was accepted for the turbidity of water (12). As a
check on this calibration method, the turbidity of benzene and carbon
tetrachloride was measured using the instrument constant from the de-
scribed procedure. A value of 2.50 X 10~ cm™! was found for carbon
tetrachloride, and 7.71 X 10~* cm~! was obtained for benzene. These
values compare very well with those of Coumou (13), who reported 2.48

1J. T. Baker Chemical Co., Phillipshurg, N.J.

2 Model LD-2a, Corning Glass Works, Corning, N.Y.

3 Brice-Phoenix model BP-2000, Virtis Co., Gardiner, N.Y.

4 Catalog No. D105, Virtis Co., Gardiner, N.Y.

5 Brice-Phoenix differential refractometer, model BP-2000-V, Virtis Co., Gar-
diner, N.Y.

SY Lauda circulating water bath, model K2-R, Brinkmann Instruments, Westbury,

7 Model 110, Corning Glass Works, Corning, N.Y.
8 Millipore Filter Corp., Bedford, Mass.
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Figure 2—Plots of the turbidity, =, versus concentration of sodium
taurocholate in 0.15 M sodium halides. The units of the ordinate and
the intercepts are the same as in Fig. 1.

X 10~ em™! for carbon tetrachloride and 7.64 X 10~4 ¢cm™! for ben-
zene.

All solutions were checked for dissymmetry, and only solutions showing
a dissymmetry of less than 1.03 were utilized. Depolarization and fluo-
rescence of the scattered light were negligible.

RESULTS

The turbidity, = (in centimeters—!), as a function of the bile salt con-
centration (in grams per milliliter) for various trihydroxy bile salts in 0.15
M sodium halides is shown in Figs. 1-3. Figure 4 is a similar plot for so-
dium cholate in 0.3 and 0.5 M sodium chloride. The refractive increments,
dn/dc, at a constant electrolyte concentration for the various systems
studied are given in Table I. A comparison of the dn/dc values reported
by previous workers is also included.

DISCUSSION

The results shown in Figs. 1-4 are in qualitative agreement with those
found previously (2, 4, 8, 14, 15). The turbidity increased slowly at low
concentrations, followed by a relatively rapid increase at higher con-
centrations. This relatively rapid increase is usually attributed to micelle
formation. However, no “kinks” or “breaks” appear in the plots. Thus,
as pointed out by Vitello (8), the light-scattering data appear to be in-
consistent with the concentration limit model of Ekwall et al. (3) and
Fontell (4-6).

In the following sections, these data will be compared with the mono-
mer-micelle equilibrium model. [t will be shown that these data are in
relatively poor agreement with this model. A new model will be described
for the association process which yields substantially better agreement
with the experimental results.

Monomer-Micelle Equilibrium Model—The usual method for in-
vestigating the self-association of the bile salts by light scattering has
followed the techniques outlined by Debye (16). This method assumes
the existence of a critical micelle concentration (CMC). The concentration
of the monomer unit is assumed to increase linearly with concentration
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Figure 3—Plots of the turbidity, 7, versus concentration of sodium
glycocholate in 0.15 M sodium halides. The units of the ordinate and
the intercepts are the same as in Fig. 1.

below this value and to remain nearly equal to this value above the CMC.
These assumptions permitted Debye to derive the following equations,
which permit the determination of the molecular weight, M, and the
second virial coefficient, B, for the micelle:

H(c—cg) 1
—— =—+2B(c - .
=1 M (e = co) (Eq. 1a)
where:
3273n?%(dn/dc)?
H=z=— o Eq. 1b
3NN, (Eq. 1b)

and ¢ represents the total concentration (in grams per milliliter), 7 rep-
resents the total turbidity at concentration ¢, cp and 7¢ are the respective

Table I—Summary of Refractive Index Increments for the
Trihydroxy Bile Salts

dn/dc at 436 nm, ml/g

gﬁgll:{:, Sodium Taurocholate Sodium
Present  Present Glycocholate,
Solvent Work Work Ref. 8 Present Work
0.15 M Sodium 0.191 0.167 0.168 0.189
fluoride
0.15 M Sodium 0.193 0.166 0.172 0.184
chloride
0.15 M Sodium 0.194 0.164 0.172 —
bromide
0.15 M Sodium 0.193 0.173 0.165 0.189
iodide
0.3 M Sodium 0.196 — — —
chloride
0.5 M Sodium 0.197¢ — — —
chloride

2 Vitello (8) found 0.186.



a0}

0.5M NaCl

0.3M NaCl

30

430
3 1 §
e e
% 20 J x
= 20 =

10

0 1 1 —1 i 1
0 10 20 30

CONCENTRATION X 102, g/m)

Figure 4—Plots of the turbidity, 7, as a function of the concentration
of sodium cholate in 0.3 and 0.5 M sodium chloride.

values at the CMC, n is the refractive index of the solution, dn/dc is the
refractive increment at a constant concentration of the supporting
electrolyte, Ag is the wavelength of light in vacuum, and N, is Avogadro’s
number. The micelle molecular weight and the second virial coefficient
are obtained from the intercept and slope of a plot of H(Ac/A7) versus
Ac.

The equation of Debye is valid for a two-component system containing
solvent and uncharged colloidal particles. However, in a three-component
system containing, for example, solvent, salt, and charged colloidal
particles, the approach of Debye is not totally applicable. Vrij and Ov-
erbeek (17) showed that the problem arises from the negative adsorption
of the salt on the colloidal particles and that the true molecular weight
of the aggregate and the true second virial coefficient can be obtained
from the following equations:

H Ac 1
=— 4 .2
A M 2B Ac (Eq. 2a)
where:
H(dn/dc1)u,
H=—— .2
(dn/den’es (Eq. 26)

where (dn/dcy)c, is the same as the refractive increment used in Eq. 1b
and (dn/dc)u, is the refractive increment for the colloid at a constant
chemical potential of the supporting electrolyte. For micellar systems,
the monomeric surfactant ions are assumed to be a part of the supporting
electrolyte (12). The value of (dn/dcq)us can be obtained from:

().~ @)D+ @]

where (dn/dcg)c) is the refractive increment of the supporting electrolyte
and (deg/dcy)us represents the negative adsorption of the supporting

electrolyte on the micellar aggregate. Vrij and Overbeek (17) showed that
this latter quantity can be obtained from:

(dn/dcg)cy (@) ]2
(dn/der)es \dey/ s
where M;* represents the apparent molecular weight of the micelle ob-

tained from Eq. la. The true molecular weight of the micelle M; can be
obtained from the intercept of a plot of My* versus (dn/dcs)c; according

(Eq. 3)

Ml* = M] [1 + (Eq 4)

Table II-—CMC Values for Sodium Taurocholate in 0.15 M
Sodium Halides at 25°

CMC, g/ml
Salt Present Work Ref. 8 Ref. 18¢
Sodium fluoride 0.0040 0.0045 —
Sodium chloride 0.0048 0.0039 0.00141
Sodium bromide 0.0044 0.0045 —
Sodium iodide 0.0047 0.0040 —
a At 20°.

to Eq. 4. This procedure assumes that the negative adsorption is inde-
pendent of the nature of the co-ion found in solution (12). The usual
procedure for obtaining M; is to determine M;* from Eq. la for various
halides at a given electrolyte concentration and to plot according to Eq.
4.

Huisman (12) utilized the approach outlined to investigate the micelle
molecular weights of sodium alkyl sulfates as a function of electrolyte
concentration and showed that the neglect of the negative adsorption
effect as in the Debye approach leads to micelle molecular weights that
are too low. In addition, Huisman showed (12) that excellent agreement
between experimental results and calculated curves can be obtained from
Eq. 2a and from the following equation, which gives the concentrations
of the monomer and micelle:

= fatq_

f19c,9

where f, is the activity coefficient of the micelle (assumed to be unity),

¢q is the concentration of micelles, f, is the activity coefficient of the

monomet, ¢ is the monomer concentration, g is the aggregation number,

and B is the equilibrium constant. This equation neglects counterion

effects on the equilibrium process; however, for the systems investigated

here, the concentration of the counterion is large and effectively constant.
Therefore, this equation should hold for the systems of interest.

In the present study, the necessary data for application of Egs. 2a-5
to the systems of sodium cholate, sodium taurocholate, and sodium gly-
cocholate in 0.15 M sodium halides were obtained. However, for com-
parison of these systems with the monomer-micelle model, only data for
sodium taurocholate will be utilized; the results for the other systems are
qualitatively the same.

As discussed previously (7), the value obtained for the CMC in bile salt
solutions cannot be defined precisely but largely depends on the range
of concentrations utilized in the extrapolation. For example, these in-
vestigators (7) found CMC values that differ by almost a factor of two
from sodium cholate solubilization data, depending on the range of
concentrations used in the extrapolation. This same phenomenon was
found for the light-scattering data. This result is due to the high degree
of curvature found in the CMC region.

However, if the extrapolations are made using only the lowest con-
centrations and the concentration range greater than about 8 X 1073 g/ml,
then a fairly consistent set of CMC values for sodium taurocholate can
be obtained from the data shown in Fig. 2. These values are given in Table
11, along with values obtained by other workers for the same systems. The
results obtained in this work are slightly higher than those of Vitello (8)
but are within the error of the extrapolation.

With the values obtained for the CMC shown in Table II, the apparent
aggregation number and the apparent second virial coefficient for sodium
taurocholate micelles were obtained according to Eq. 1a. These values
are shown in Table I1I, together with a comparison of values obtained
by previous workers. The results obtained in the present study appear
to be consistent with those obtained previously.

To determine the extent to which the monomer-micelle model rep-
resents the nature of the association of sodium taurocholate, a comparison

(Eq. 5)

Table III-—Summary of Aggregation Numbers and Second Virial
Coefficients for Sodium Taurocholate Micelles in 0.15 M Sodium
Halides at 25°

Aggregation Number

B X 104,
Salt Present Work Ref. 8 ml mole/g?
Sodium fluoride 6. 7.6 0.62
Sodium chloride 5.7 7.1,4.69, 7% 0.83
Sodium bromide 5.6 6.7 0.81
Sodium iodide 4.7 54 0.75

@ Reference 2. ¥ Reference 19.
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Figure 5—Comparison of the calculated turbidity (- - -) for sodium
taurocholate based on the monomer-micellar model with the experi-
mental curve (—) in the low concentration region. Each division on the
ordinate represents 2 X 10~5cm 1L

between the experimental curves and those obtained by calculation ac-
cording to Egs. 2a-5 was made. The true micelle molecular weight was
3490 according to Eq. 4. This value corresponds to a true aggregation
number of 6.49. With the value of (dca/dc)us obtained from the plot of
Eq. 4, the value of H’ for each of the four salt systems was found from Egs.
2b and 3. For the monomer—micelle model, the total concentration of the
bile salt is given by:

Cr=Cumon t qﬂ[cmon]q (Eq. 6)

where Cpon is the concentration of the monomer unit in molar units, g
is the aggregation number, and 3 is the equilibrium constant. The total
turbidity for the system is given by:

(Eq.7)

where 7 is the total turbidity of the solvent (water plus electrolyte), rmon
is the turbidity due to the monomer, and ;. is the turbidity due to the
micelle. To calculate the total turbidity at any concentration, Cr, it is
only necessary to combine the values obtained from Eqs. 2a-6 together
with the experimentally measured value for 7o. The value of 3 is obtained
by fitting one experimental curve. Then all of the remaining values for
the various halides can be calculated. It is assumed that the activity
coefficient of the monomer is constant in 0.15 M sodium halides.
Figure 5 gives a comparison of the experimental and calculated curves
for the various halides at a low concentration. Figure 6 shows the com-
parison for the entire concentration range from 0 to 256 X 103 g/ml. In

77 = 70+ Tmon t Tmic

Table IV—Equilibrium Constants, Second Virial Coefficients,
Molecular Weights, and Aggregation Numbers for Sodium
Cholate in 0.15 M Sodium Halides

’

T X 10%, cm™?
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Figure 6—Comparison of the calculated turbidity (- - -) for sodium
taurocholate with the experimental values (—) for the entire concen-
tration range from 0 to 25 X 10~% g/ml. The units of the ordinate are the
same as in Fig. 1.

this calculation, 6.5 was taken as the aggregation number, 7.5 X 10~4 mole
ml/g? was used for the second virial coefficient (average value of those
shown in Table III), and 1.23 X 10! was found for the association con-
stant. Therefore, the only variable among the four different halide sys-
tems was the value of H’, which was obtained as outlined above.

From Figs. 5 and 6, it can be seen that at very low concentrations, the
calculated curves fall below the experimental curves; at intermediate
concentrations, the calculated curves are substantially above the ex-
perimental values. If other consistent values are chosen for B, g, and 3,
the regions of disagreement between the calculated and experimental
curves will vary. However, it was not possible to obtain a consistent set
of parameters that would reproduce the experimental curve assuming
the existence of only monomers and a higher oligomer.

This type of comparison between the experimental results and the
calculated curves was also made for sodium cholate and sodium glyco-
cholate. A similar trend was obtained in these systems.

Based on these results, it is concluded that qualitative agreement be-
tween the calculated curves and the experimental values can be obtained
with the monomer—micelle model. That is, the shape of the calculated

Table V—Equilibrium Constants, Second Virial Coefficients,
Molecular Weights, and Aggregation Numbers for Sodium
Taurocholate in .15 M Sodium Halides

Second Aggre- Second Aggre-
Ko, K, Virial  Molec- gation Ko, K, Virial  Molec- gation
liters/ liters/ Coefficient, ular Num- liters/ liters/ Coefficient, ular Num-
Salt mole mole mlmole/g? Weight ber Salt mole mole mlmole/g? Weight ber
Sodium fluoride 8.5 300 4.0Xx1078 3170 7. Sodium fluoride 20 240  1.2XxX1073 3950 7.4
Sodium chloride 6.9 260 53%X1073 3110 7.2 Sodium chloride 35 310 1.2X1073 3620 6.7
Sodium bromide 7.0 300 351073 2600 6.0 Sodium bromide 33 350 1.3x1073 3370 6.3
Sodium iodide 6.5 320 46X 1073 2780 6.5 Sodium iodide 31 240 1.2X 1073 3200 5.9
Average or extrapolated 7.2 293 438X 1073 3240 17.63 Average or extrapolated 30 290 1.22 X 107% 4120 7.67

values

values
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Table VI—Equilibrium Constants, Second Virial Coeff_icients,
Molecular Weights, and Aggregation Numbers for Sodium
Glycocholate in 0.15 M Sodium Halides

Second Aggre-
K, 3, Virial Molec- gation
liters/ liters/ Coefficient, ular Num-

Salt mole mole mlmole/gz Weight ber
Sodium fluoride 34 240 2.4X1073 3900 8.0
Sodium chloride 34 200 22X 1073 3490 7.2
Sodium iodide 35 190 24 X107% 3370 6.9
Average or extrapolated  34.2 210 232X107% 3930 8.05

values

curves follows the same trend as the experimental values in that the
turbidity increases slowly at low concentrations, followed by a region with
curvature, and then increases nearly linearly with concentration. How-
ever, with this model, it is not possible to obtain calculated curves that
reproduce the experimental results quantitatively throughout the con-
centration range investigated. This result can only mean that the mo-
nomer-micelle equilibrium model does not adequately describe the
self-association of the trihydroxy bile salts in aqueous solution. The
conclusion is similar to that reached in earlier work based on the solu-
bilization of naphthalene by sodium cholate (7).

Stepwise Association Models—Attwood and Udeala (21, 22) showed
that the method of Steiner (20) can be utilized to differentiate between
various association models for the self-association of various antihis-
tamines by light-scattering techniques. In the present study, the method
of Steiner was applied to gain insight into the self-association of the bile
salts.

In this model, aggregate growth is assumed to occur by stepwise ad-
dition of monomers to existing monomers or aggregates. The simplest
of such schemes is dimerization, which can be represented by:

K
2by é b,
Scheme I
and:
b,?
where b; is the monomer concentration, by is the dimer concentration,

and K is the association constant for dimerization. Further steps in this
process can be written as:

K, (Eq. 8)

K3
ba+ by = b3

K
ba+ by == by

Kq
bg_1+ b1 < by
Scheme I1

The total equivalent concentration is given by:
CT = b] + 2K2[b1]2 + 3K2K3[b1]3 +... q lgI Kq [bllq (Eq 9(1)
3

Cr =2 qb, (Eq. 9b)

The various association constants K, K3, etc., can be obtained by the
method developed by Steiner (20). According to this method of analysis,
the weight-average molecular weight of the aggregates is related to weight
concentration, ¢ (grams per milliliter), by:

M/My=1+dlnx/dInc (Eq. 10)
where M is the molecular weight of the monomer and x is the weight

Table_VI_I-—Equilibrium Constants, Second Virial Coefficients,
Association Constants, and Aggregation Numbers for Sodium
Cholate in Various Concentrations of Sodium Chloride

Concentra-
tion Second

of Sodium K, K, Virial Aggrega-

Chloride, liters/  liters/ Coefficient, tion

mole/liter  mole  mole Bg ml mole/g> Number
0.15 6.9 206 52X 1011 54%x10°3 7.2
0.30 16 400 83X 101! 14x%x103 6.4
0.50 10 330 7.2 X 1011 2 X 10-3 8.9

65

*
B
60

JlNoF JINoCI dNaBr #NoIJ

0 5 10 5 20 25
M, (dn/dc,le, = 0

Figure 7—Plot for the determination of true molecular weight of the
high aggregate for sodium taurocholate.
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fraction of species existing as monomeric units. The value of M,, is ob-
tained by application of the equation:

(Eq. 11)

in which it is assumed that the second virial coefficient can be neglected.
The parameter At represents the excess turbidity of the solution over
the solvent. The weight fraction of the monomer can be obtained by
graphical integration according to:

Inx = J; [(M/M,) - 1]d Inc (Eq. 12)

The equilibrium constants can be obtained from:
[(My/xM) - 1]

(xc/M) = 4K2+9K2K3(XC/M)...+Q2IzIKq(xc/M)q_z

(Eq. 13)

where K3 is obtained from the intercept and K3 is obtained from the slope
of the plot-of the data according to Eq. 13. Higher association constants
can be obtained by successive application of this equation.
Application of Eq. 13 to the light-scattering data for the bile salts so-
dium cholate, sodium taurocholate, and sodium glycocholate in 0.15 M
sodium halides leads to a consistent set of values for K and K3 (Tables
IV-VI). For each bile salt in the various halides, the values of K, and K3

-

X 10%, cm™!

4 1 J 1 4 Il 1
[ 2.0 4.0 6.0

CONCENTRATION X 103, g/m}

Figure 8—Comparison of the experimental curves (—) for sodium
taurocholate with the calculated values (0) based on the model depicted
by Eq. 14b. The units of the ordinate are the same as in Fig. 5.
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CONCENTRATION X 103, g/ml
Figure 9—Comparison of the experimental curves (—) for sodium
taurocholate with the calculated values (O) based on the model depicted
by Eq. 14b for the entire concentration range from 0 to 25 X 10=3 g/ml.
The units of the ordinate are the same as in Fig. 1.

are nearly the same. However, when Eq. 13 was extended to obtain a value
for K4, the initial slopes of these plots were always nearly zero. At higher
values of x¢/M, the plots tend to increase rapidly. This result was inter-
preted to indicate that the value of K4 must be small relative to the lower
association constants and, therefore, that the stability of the tetramer
is small with respect to that of the dimer and trimer. On the other hand,
the rapid increase of the plots at higher values of x¢/M suggests that
aggregates larger than the trimer must exist in solution.

To determine the size and association constants for these higher ag-
gregates, the procedure as outlined is not applicable since reliable esti-
mates of K4, K5, etc., cannot be obtained. However, based on the quali-
tative agreement between the experimental results and the monomer—
micellar model discussed previously, as well as the results mentioned here,
it seems reasonable to assume that higher aggregates must exist. This
assumption suggests that the total equivalent concentration, C7, for the
trihydroxy bile salts may follow a model given by:

Cr=by+ 2by+ 3bs + qbq
Cr=by+ 2Kob{2 + 3KoK3b3 + qub1‘7

(Eq. 14a)
(Eq. 14b)

where by, by, b3, and b, represent the concentrations of monomer, dimer,
trimer, and higher aggregate at the total concentration Cr, respectively;
g is the average aggregation number of the higher aggregate; and 8, is
the average overall association constant for the formation of b, as defined
by Eq. 9a. The concentration of intermediate-sized aggregates is assumed
to be small.

To test this model against the experimental results, it was necessary
to develop a method by which the average size of this higher aggregate
could be determined. A somewhat similar question was addressed pre-
viously by Mysels and Princen (23) in their considerations of light scat-
tering by sodium lauryl sulfate. For this system, the monomeric ions of
sodium lauryl sulfate were thought to exist in equilibrium with lauryl
sulfate dimers below the CMC (24). To take this effect into account,
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T X 10%cm™!

1 1 1 1
0 1.0 2.0 3.0 4.0

CONCENTRATION X 103, g/mt

Figure 10—Comparison of the experimental curves (—) for sodium
cholate in 0.3 and 0.5 M sodium chloride with the calculated values (O)
based on the stepwise association model depicted by Eq. 14b. Each di-
vision of the ordinate represents I X 1075 em L.

Mpysels and Princen utilized the Debye treatment to obtain the apparent
micelle molecular weight. However, it was assumed that the turbidity
at the CMC could be calculated to be that due to the solvent, monomers,
and dimers.

In the analysis of the light-scattering data for the bile salts according
to the model depicted by Eq. 145, a procedure similar to that of Mysels
and Princen (23) was followed. However, because of the expected low
aggregation number of the higher aggregate, certain alternatives were
adopted. An assumption inherent in the law of mass action when applied
to micellar systems (Eq. 5) is that the monomer activity must increase
with an increase in total concentration (25). This increase in activity is
related to the weight average degree of association and would be expected
to be significant for aggregates as small as 7-8-mers (25).

In the present systems, this increase in activity can be obtained directly
from application of Eq. 12, assuming that the activity coefficients are
constant. Therefore, at any Cr, the concentration of monomer is known,
allowing calculation of the total turbidity due to monomers, dimers, and
trimers at that Cr according to Eq. 11. In the same way, the total con-
centration of these species at any given Cp can be calculated. Thus, the
apparent molecular weight of the higher aggregate can be obtained
from:

H(c—co) _ 1 o
=) M + 2B(c —~ ¢¢)

where ¢¢’ = by + 2K2b:2 + 3KsK3bi® and 70" = 79 + Tmon + Tdimer +
Ttrimer-

Application of Eq. 15 to the light-scattering results leads to the
aggregation numbers and second virial coefficients for the higher ag-
gregates (Tables IV-VI).

To apply the corrections suggested by Vrij and Overbeek (17) to this
analysis, it is necessary to assume that all low molecular weight aggregates
can be taken to be a part of the supporting electrolyte in the same way
as the monomers are assumed to be a part of the supporting electrolyte
in the treatment of the micellar model (12). This assumption seems jus-
tifiable since the small aggregates are of the same charge as the micelles
and, therefore, should be excluded effectively from the double layer of

(Eq. 15)



X 10°% ecm™!
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CONCENTRATION X 10° g/ml

Figure ll—Alplot similar to Fig. 10 for the entire concentration range
(1) 0-25 X 1073 g/ml. The units of the ordinate are the same as in Fig.

the micelle. This implies that the concentration fluctuations of these
aggregates should be independent of micellar fluctuations. Based on this
assumption, the true micelle molecular weight was obtained according
to Eq. 4. A plot of these data for sodium taurocholate is shown in Fig. 7.
The true molecular weights and aggregation numbers obtained for all
three bile salts studied are given in Tables IV-VI.

A comparison of the experimental results for sodium taurocholate with
the values calculated according to Eqs. 145 and 15 is shown in Figs. 8 and
9. For this calculation, the turbidity of the low aggregates was obtained
as described earlier. The turbidity of the higher aggregates was obtained
in an analogous manner to that used for the high aggregate in the mo-
nomer-micelle model. The value of g3, used in fitting the data was 5.5
X 104, By comparison with Figs.  and 6, which give model calculations
for the monomer—micelle model, it can be seen that the correlation of this
model with the experimental results has improved substantially. In
contrast to the monomer-micelle model, no systematic variations exist
between the calculated values and the experimental results.

Calculations performed in this manner represent a severe test of the
model since average values of Ko, K3, 84, and B obtained from all four
halides were utilized. If, for example, the individual values for each system
shown in Table V are utilized, the agreement between the experimental
and the calculated curves is much better. This point is further proof of
the validity of the assumed model.

Similar correlations between experimental results and calculated
values can be obtained for sodium cholate and sodium glycocholate. The
values used are shown in Tables IV and VL.

Based on these results, it can be concluded that the self-association
of the trihydroxy bile salts in 0.15 M sodium halides is best described by
a model that assumes the existence of monomers, dimers, trimers, and
a higher aggregate containing approximately eight monomeric units. The
size of the higher aggregate is not markedly dependent on the bile salt.
The only marked difference between the three bile salts appears to be
in the value of the dimerization constant, the value for sodium cholate
being substantially smaller than that for sodium taurocholate and sodium

glycocholate. This result could arise from a decrease in the degree of
overlap of the electrical double layers because of the increased length of
the side chain of the conjugated bile salts. On the other hand, these effects
are not noted in the trimerization constants where charge repulsion would
be expected to be greater. This effect may be due to the particular ar-
rangement of the various species in the trimer, which is not known at
present.

Effects of Ionic Strength—The effects of ionic strength on the
self-association of sodium cholate were studied to a limited extent. For
this study, light-scattering curves for sodium cholate in 0.3 and 0.5 M
sodium chloride were obtained. These results were analyzed according
to the methods outlined. However, since data were obtained only in so-
dium chloride, the more complete analysis according to the method of
Vrij and Overbeek (17) cannot be applied. Therefore, the molecular
weights and aggregation numbers obtained must be considered to be
apparent values, uncorrected for effects due to negative adsorption. The
values obtained for K5, K3, and the aggregation numbers are shown in
Table VIL The calculated values, together with the experimental curves,
are shown in Figs. 10 and 11. The agreement between the calculated
curves and the experimental values is excellent.

Based on these results, it appears that the pattern of association of
sodium cholate is relatively unaffected by changes in the ionic strength
of the medium. A comparison of these results with those obtained in 0.15
M sodium chloride suggests that the average size of the aggregate might
increase slightly with an increase in the ionic strength. This effect is
difficult to confirm, however, since the aggregation number is smaller
in 0.3 M sodium chloride as compared to 0.15 M salt. This result may,
however, be due to the relatively high values of K2 and K3 obtained in
0.3 M sodium chloride. This latter result is probably related to experi-
mental difficulties.
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