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some interaction with water, coiling of the hydro- 
carbon chains, or both. The size of hexane, as com- 
pared to the other hydrocarbons, could make it best 
suitcd to interact with the DTAC film a t  these low 
concentrations. As thc surface concentration in- 
creases, it is reasonable to expect that the hydro- 
carbon portions of the surface-active agents will 
orient in a more perpendicular direction to the inter- 
face. This should improve the chances for the 
longer-chain hydrocarbons to interact with the ex- 
posed groups of the surface-activc agents. 

The preceding discussion considered only the inter- 
actions between the oil and the hydrocarbon group of 
the surface-active agent. It is imporeant, however, 
not to neglect the possibilityof an interaction between 
the polar group of the surface-active agent and the 
oil. Figures ,5-7 show that, although the PA 
curves of DPC, DTAC, and DEAC are quite similar 
a t  the air/watcr surface, differences between the 3 
quaternary arnmnnium compounds at an oil/water 
interface do cxist. The n-A curves for DPC are 
“compressed” to a greater extent than those for 
DTAC and DEAC a t  the oil/water interfaces, 
especially a t  the hcxanc/water interface. This effect 
may be due to a dipole-induced dipole interaction 
between the planer aromatic pyridinium ion and the 
oil, which is less possible in the case of DTAC or 
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DEAC. Once again, the steric nature of the hexane 
molecule probably makes it best suited for this inter- 
action. 

It appears, therefore, that the nature of the oil 
phase influences adsorption of water-soluble sub- 
stances, such as quaternary aninionium salts, and 
that the oil used in such studics must be considered 
in any discussion. 
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Solubilizing Properties of Bile Salt Solutions I 

Effect of Temperature and Bile Salt Concentration on Solubilization 
of Glutethimide, Griseofulvin, and Hexestrol 

By THEODORE R. BATES, MILO GIBALDI and JOSEPH L. KANIG 
Data on  the micellar solubilization of the poorly water-soluble drugs, griseofulvin, 
hexestrol, and glutethimide, in  0-0.6 M aqueous solutions of the sodium salts of 
cholic, desoxycholic, taurocholic, and glycocholic acids at 3 temperatures are pre- 
sented. Employing the pseudo two-phase model for micellar solubilization, the 
thermodynamic functions, A P ,  ASO, and AH0 of partitioning of the drug molecule 
between the aqueous phase and the micellar phase have been determined for hex- 
estrol and griseofulvin. The physical-chemical ramifications and biological im- 

plications in  these systems are considered. 

QLJEOUS solutions of surfactants exhibit a A more or less abrupt change in their physical 
properties over a narrow concentration range. 
This distinct change in properties is geiierally 
accepted to  be due to  the formation of oriented 
aggregates or niicelles. The narrow surfactant 
concentration range at which micelles begin to  
rorm is referred to  as the critical concentration 
for inicelle formation or CMC. Among the more 
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interesting properties of micellar solutions is their 
ability t o  solubilize water-insoluble materials. 

Micellar solubilization has been defined by 
McBain (1) as “the spontaneous passage of solute 
molecules of a substance, insoluble in water, into 
a n  aqueous solution of a surfactant in which a 
thermodynamically stable solution is formed. ” 
This process essentially involves the diffusion of 
the added solubilizate molecules ( i e . ,  the water- 
insoluble material being solubilized) from the bulk 
phase into the surfactant micelle. The solu- 
bilized system is in  a state of equilibrium. 

Micellar solubilization has been broadly classi- 
fied into 3 types (1-3). (a )  Nonpolar (non- 
specific) solubi1,izatioa: the  solubilizate is in- 
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important role in the physiological processes of 
digestion and absorption of dietary lipids. The 
most modern theory for fat digestion and absorp- 
tion is the one proposed by Borgstrom (20). 
Sccording to his theory, the breakdown products 
of fat digestion (i.e., fatty acids and monoglyc- 
erides) are absorbed across the intestinal mucosa 
from a mixed micellar solution composed chiefly 
of fatty acids, monoglycerides, and conjugated 
bile salts. In connection with this theory of fat 
absorption, several in nitro investigations have 
appeared in the literature demonstrating the 
marked solubilizing ability of conjugated bile salts 
for fatty acids and monoglycerides (21-24). 

Although considerable evidence has appeared in 
the literature concerning the effects of bile salts 
on endogenous materials, little work has been 
done to determine the effects of bile salts on drug 
molecules. Accordingly, little consideration has 
been given to the possibility that insoluble drugs 
may be absorbed by a mechanism involving pre- 
liminary solubilization of the drug by the bile 
salt micelles normally present in the intestine. 
This consideration prompted an extensive phys- 
icochemical investigation of the solubilization of 3 
water-insoluble pharmaceuticals in dilute bile salt 
solutions as well as some of the factors which may 
influence the extent of their solubilization. 

This paper reports some of the findings on the 
effect of temperaturc and bile salt concentration 
and structure on the degree of solubilization of the 
water-insoluble drugs, griseofulvin, hexestrol, and 
glutethimide, in dilute aqueous solutions of the 
sodium salts of cholic, desoxycholic, taurocholic, 
and glycocholic acids. 

THEORY 
Micellar solubilization of a poorly water-soluble 

material can be treated as a process in which t h e  
poorly water-soluble material is partitioned between 
an aqueous phasc and a micellar phase formed by 
the surfactant above its CMC (1). The partition 
coefficient associated with this process is expressed 
by the equation: 

corporated into the hydrocarbon center of the 
micelle, away from the polar head groups. (b) 
Polur-nonpolar (specific) solubilization: the solu- 
bilizate is incorporated by penetration into the 
palisade layer of the micelle with the solubilizate 
molecule oriented in approximately the same 
manner as is the surfactant molecule in the 
micelle. (c) Adsorption solubilization: in this 
type of solubilization, the solubilizate is adsorbed 
onto the polar surfaces of the mirellc. 

In 1936, Hartley (4) predicted that bile salts, 
like soaps, should form micellar solutions above 
their CMC. Equivalent conductivity-concentra- 
tion (5-7), freezing point ( 5 ) ,  dye solubilization 
(S), and small angle X-ray scattering (9) experi- 
ments, as well as the solubilization of 20-methyl- 
cholanthrene (lo), are some of the numerous 
investigations that conclusively demonstrate that 
colloidal aggregates form in conjugated and un- 
conjugated bile salt solutions at  a certain mini- 
mum concentration. 

Numerous investigations have demonstrated 
the solubilizing properties of bile salts for water- 
insoluble materials. Verzar (1 1) showed in 1933 
that bile salts were capable of solubilizing aniline, 
calcium carbonate, calcium phosphate, camphor, 
quinine, strychnine, paraldehyde, quinoline, and 
benzaldehyde. McBain and co-workers (8) 
studied the equilibrium solubility of the dye, 
Yellow AB, in 1% aqueous solutions of the sodium 
salts of cholic acid, desoxycholic acid, taurocholic 
acid, and dehydrocholic acid a t  25O. Merrill and 
McBain (12) compared the solubilities of the 
dyes, Yellow AB and Orange OT, in 1% aqueous 
solutions of the same 4 bile salts uscd in the 
previously cited study (8). Ekwall (13) reviewed 
some of the solubilization work done by himself 
and co-workers with a wide varicty of insoluble 
substances in bile salt solutions. This paper in- 
cludes : (a) solubilization of various carcinogenic 
polycyclic hydrocarbons a t  40° (10, 14, 15); (b) 
solubilization of p-xylcne in solutions of sodium 
cholate and desoxycholatc ; (c) solubility of cholic 
and desoxycholic acids in aqueous solutions of 
their respective sodium salts (16) ; (d) solubiliza- 
tion of cholesterol in sodium desoxycholate, 
cholate, and taurocholate ; and (e) solubilization 
of CsClS  fatty acids, lecithin and glyceryl mono- 
stearate, in 0.09 M sodium taurocholate solutions. 
Ekwall and Sjoblom (17-19) have studied the 
solubilization of various steroid hormones in bile 
salt solutions. The solubilization of the non- 
steroidal synthetic estrogen, hexestrol, in 5,  10, 
and 20% solutions of sodium cholate, desoxy- 
cholate, dehydrocholate, and glycocholate a t  40’ 
was also considered by these investigators. 

Bile salts have been shown also to play an 

where [Dm] is the concentration of drug in the 
micelle and [L),v~M] is the concentration of drug 
in the nonmicellar phase.’ The brackets denote 
concentrations expressed in terms of the individual 
phase volumes, rather than the total volume of the 
system. 

Multiplying the numerator and denominator of 
Eq. 1 by the total volume of the system, V (i.e., 
VNM + VM) ,  yields the expression, 

It was assumed that the activity coefficient of the drugs 
in the nonmicellar phase closely approximated the activity 
coefficient in the micellar phase. 
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where the parenthesis denote concentrations ex- 
pressed in terms of total volume. VATM and V/.M re- 
present the norlrriicellar and micellar volumcs, rc- 
spectively. 

Expressing Eq. 2 in terms of micellar volume 
yields 
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process of solubilization would follow from thc 
e quat io t i  

However, V M /  1' may be represerlted as M ,  where 
M is defined as the volume lraction of surfactant 
(25, 26) Substituting this rclationship into Eq. 
3 gives the expression, 

Assuming Af is sinall as compared to  the total 
volume (25, 26) then (1 - M) is approxinmtely 
equal to unity and Eq. 5 is obtained. 

Above the CMC of a surfactant an equilibrium 
exists between monomers and micellar aggregates 
The solution is saturated with respect to monomers, 
and further addition of suriactant molecules results 
in further aggregation. It has been theorized that 
additional molecules of surfactant produce an in- 
crease in the number rather than in the size of the 
micelles. Accordingly, micellar volume is a direct 
function of surfactant concentration. Over a 
limited range, this is considered to be a reasonable 
approximation (4, 27). This concept may be ex- 
pressed as Eq 6 

where Cis the molar concentration of the surfactatit. 
The subscripts, 1 and 2, refer to diffcrcnt concentra- 
tions above the CMC of the surractant. 

Inserting the relationship between C and M, 
as expressed in Eq. 6, into Eq. 5 yields the final 
equation: 

AU,M = R D A w A C  0%. 7) 

It can be sccn readily from the form of Eq. 7 
that a plot of (U,) versus C should yield a straight 
line above the CMC of the surfactant. The slope 
o f  this linear plot divided by ( D N M )  will givc the 
value of K ,  from which the thermodynamic constants 
can be calculated. 

The free energy of partitioning ( A F " )  may be 
calculated from 

AF" = -2.3RT log K (Eq. 8 )  

The heat of partitioning ( A H o )  can be determined 
with tlie aid of the relationship 

by plotting log K a t  various temperatures versus 
1/T  ( O R . ) .  From the slope of this linear plot, 
AH0 can be obtained. This method of acquiring 
AHo requires that AH remain reasonably constant 
over the temperature range studied. 

The change in entropy ( A S o )  associated with this 

EXPERIMENTAL 

Materials.--Hexestrol,* griseofulvin,3 arid 
glutethimide4 were used as recieved. The pure bile 
salts, sodium c h o l a t ~ , ~  sodium de~oxycholate,~ 
sodium glycocholate,G and sodium taur~chola te~  
were dried in ZYZCUO for 36 hr. prior to use. 

Equilibration.-- The solubility of each drug was 
measured in a series of aqueous solutions containing 
various concentrations of the individual bile salts. 
IIexestrol and griseofulvin were studied a t  27, 37, 
and 45'. The solubility of glutethimide was dc- 
termined a t  27, 32, and 37". 

In each case an excess amount of drug was added 
to bile salt solution contained in suitably sealed 
tubes. The tubes were placed in a shaker-incubatori 
and equilibrated for periods usually not less than 
1 week's duration. Equilibrium was determined by 
repetitive sampling. 

Assay Procedure.-Each time the tubes were 
sampled the shaker was turned off to allow most of 
the excess solid to settle to the bottom of the tubes. 
The supernatant liquid thcn was filtered through a 
filter (Millipore, 0.45 M pore size) to insure that no 
undissolved solid was present in the sample taken 
for analysis. To eliminate any temperature dif- 
ferential during the filtration and sampling steps, 
precautious were takeu to maiiitain tlie filtration 
equipment and pipets a t  the same temperature as 
that employed for the equilibrium experiments. 

Aliquots of the clear drug solutions were diluted 
with anhydrous reageut methanol, and the drug 
concentration was dctcrmined spcctrophotornet- 
rically using a Becknian DB recording spectropho- 
tometer. Methanol-water (10: I) servcd as the 
blank for hexestrol and griseofulvin, and methatiol- 
water (8: 1) was employed for glutethimide. Thc 
peak absorbaiice of griseofulviu and hexestrol (in 
1 : 10 water-methanol solvent mixture) a t  292 mp 
and 278 mp, respectively, and glutethimide (in l:t( 
water-methanol solverit mixture) a t  257.6 mM 
was used to prepare Beer's law plots. In the 
dilutions required for spectrophotometric analysis, 
no shifts in absorbance maxima were observed as a 
result of the presence of surfactant. However, the 
bile salts do absorb slightly at the wavelength of 
maximum absorbance of these drugs. Therefore, 
the absorbance of varying concentrations of the bile 
salts, a t  the 3 previously mentioued wavelengths, 
was plotted versus bile salt concentration, arid a 
calibration curve was thus constructed. 

To determine thc amount of drug that had been 
solubilized, the absorbance value corresponding to  
tlie concentration of bile salt in the final dilution 

2 Obtained from (:allard~Sclilesincer Chemical Mfz. Co. 
- 

New York, N. Y. 
3 Generously supplied by Schering Co., Bloomfield, K. J. 

Marketed as Fulvicin. 
4 Generously supplied by Ciba Pharmaceutical C o . ,  

Summit, N. J. 
5 Obtained from Mann Research Laboratories, lnc., N. Y. ,  

special enzyme grade. 
6 Obtained from Southeastern Biochemicals, Morristown, 

Tenn. Reported to be 98-997, pure by thin-layer cht-u- 
matography. 

7 Gyi-atory incubator- shaker, model G-25, New Brunswick 
Scientific Co., N. J. 

Marketed as Uoriden. 
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employed in this study, as determined from the 
solubilization of griseofulvin and hexestrol, respec- 
tively, a t  37", are: sodium cholate (0.014, 0.016), 
sodium desoxycholate (0.005, 0.010), sodium tauro- 
cholate (0.008, 0.014), and sodium glycocholate 
(0.010, 0.015). Thcse values arc in good agrecmcnt 
wit11 those obtained by other investigators employ- 
ing various solubilizates (9, 13). It should be borne 
in mind that CMC values determined from solu- 
bilization data are only approximate, since the pres- 
ence of solubilized material may exert an effect on 
the process of micelle formation (1, 2). 

The slope of the linear portion of the solubiliza- 
tion curve, after the CMC, is termed the saturation 
ratio or capacity, ie., the ratio of niicellar drug to 
micellar bile salt. The saturation ratios, cxpressed 
as moles ol solubilized drug per mole of bile salt 
as well as the inverse of thcsc ratios for griseofulvin 
in each of the 4 bile salts employed in this study, 
are presented iii Table I. The saturation ratio a t  
27 and 37" in decreasing order are: cholate 2 
desoxycholate > glycocholatc 2 taurocholate. 
This scquence also indicates the order of solubility 
of griseofulvin in a particular concentration of 
thcsc colloidal electrolytes. At 45" the order of 
cholate and desoxycholatc is rcvcrsed, suggesting 
that a t  this higher temperature sodium dcsoxy- 
cholate miccllcs have a higher allinity for griseofulvin 
than do sodium cholate micelles. 

Figures 2 and 3 show the solubility of the syn- 
thetic estrogenic hormone, hexestrol, in sodium 
glycocholate and sodium taurocholate solutions a t  
27, 37, and 45". Similar curves were obtaincd in 
sodium cholate and sodium dcsoxycholate solutions. 
The saturation ratios as well as the inverse of thcsc 
ratios are listed in Table 11. As with griseofuloin, 
the solubility of hexestrol a t  all 3 tcmperatures 
increases linearly with bilc salt concentration above 
the CMC. The saturation ratios for hexcstrol 
are many times grcater than those of griseofulvin, 
illustrating the well-established fact that the 
structurc of the solubilizate is a critical factor in 
governing the extent or dcgrcc of micellar solubiliza- 
tion (1, 2). The saturation ratios for hexestrol, 
in decreasing order, a t  any one temperature, are: 
glycocholate 1 taurocholate > cholate > desoxy- 
cholate. Thus, in thc case of hexestrol, the conju- 
gated bile salt micelles (i.e., sodium glycocholate 
and sodium taurocholate) show a greater affinity 
for the solubilizatc molecules than do the uncoiiju- 
gated bile salt micelles. The reverse was found to 
be true for the solubilization of griscofulvin. 

Representative solubilization curves for glutcthi- 
mide in 0-0.06 M solutions of sodium cholate a t  
27, 32, and 37" are shown in Fig. 4. The cor- 
responding saturation ratios (moles of solubilized 
glutethimide per mole of bile salt) and the inverse 
of these ratios are reported in Tablc 111. The 32"- 

15.0 - 

1 2 3 4 5 6  
MOLAR CONCN. OF SODlUM 

DESOXYCHOLATE ( X  lo2) 

Fig. 1.-Solubility of griseofulvin as a function 
of sodium desoxycholate concentration and tcm- 
peraturc. Key: 0,  27"; A, 37'; 0, 45'. 

was subtracted from the observed absorbance values, 
and the corrected absorbance values were converted 
to concentrations by the use of the Beer's law plots. 

RESULTS AND DISCUSSION 

Effect of Bile Salt Type and Concentration on 
So1ubilization.-The solubilization curves for 
Griseofulvin in varying conccntrations of sodium 
dcsoxycholate solutions a t  27, 37, and 45" are 
shown in Fig. 1. These data are rcprcsentative of 
the type of curves obtained with sodium cholate, 
sodium glycocholatc, and sodium taurocholate 
solutions. It can be seen from each of these curves 
that the solubility of griscofulvin increases linearly 
with bile salt concentration, after a certain minimum 
concentration of bile salt has been exceeded, i . e . ,  
the CMC. 'The CMC values for the 4 bile salts 

TABLE I.--MAXIMUM SOLUBILIZINC POWER OF BILE SALTS FOR GRISEOFULVIN 
- 

~~~ 
- ... ~ 

~ . .  - 
Saturation Ratio" x 1 0 3 ,  moles of 

Griseofulvin/mule of Solubilizer 
Inverse of Satuiation Ratio, moles of 

Bile Salt/mule of Griseofulvin 
Solubilizer 2 7 O  370 450 27 ' 370 450 

Watcr 4.59 x lo-* 7.14 x 10-,i 10.2 x 1 0 - 4  . . . . . .  . . .  
Sod. cholate 5.36 6.18 6.80 187 162 147 
Sod. desoxycholate 4.68 6.18 7.54 214 162 133 
Sod. taurocholate 3.77 4.90 6.15 265 204 183 
Sod. glycocholate 3 .85 5.13 6.29 260 195 159 

--- 

a Slope of linear portion of suluhilization cur-ve determined by the method of least squares. 
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1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5 6  
molar CONCN. OF SODIUM TAUROCHOLATE (X 102) 

Fig. 2.-Solubility of liexes- 
trol as a function of sodium 
taurocholate concentration at 
27" (left), 3 i 0  (middle), and 
45" (right). 

Fig. 3.--Solubility of hcxcs- 
trol as a function of sodium 
glycocholatc concentration at 
2i" (left), 37" (middle), and 45' 
(right). 

temperature study was included since a t  45" the 
solubilization curve for glutethimide was not linear, 
suggesting a possible change in the solubilization 
mechanism a t  this higher temperature. All ex- 
periments wcrc pcrformed in duplicate, and rcason- 
able replication was obtained. Thus, spurious cx- 
perirnental factors were ruled out as contributing 
to  the nonlinearity. In addition, no change in the 
Ii.1;. spectra of glutethimide was observed. The 
saturation ratios in decreasing order are: desoxy- 
cholate > cholate 2 taurocholate > glycocholate. 

The differences in the order of the saturation ratios 

obtained in the various bile salt solutions with each 
drug used in this study are probably due to  dif- 
ferences in the arrangement of the bilc salt molecules 
in the micelle as well as differences in the degree 
and/or type of interaction betwccn thc drug molecule 
and the bile salt micelle. The penetration of the 
solubilizate may alter significantly the actual 
organization, shape, and even the size of the re- 
sultant bile salt micelle (13) This would explain 
not only the differences found iu the afinity betwccn 
these bile salts and the individual drug, but also 
the djfferenccs found in the saturation ratio se- 

TABLE II.-MAXIMUM SOLUBILIZINC POWER OF BILE SALTS HOR HEXESTROT, 
- -. 

Saturation Ratio" X 103, moles u l  
Hexestrol/mole of Solubilizer 

Inverse uf Saturation Ratio, moles of 
Bile Salt/mole of IIexestrul 

2 7  370 4.50 270 37' 450 Soluhilizei 

4.66 X lW4 6.66 X 9.32 X lo-' . , . . . .  . . .  

184 167 179 6.10 5.99 5.59 
220 225 223 4.55 4 .44  4 . 4 8  

Watcr 
187 19.5 197 5.35 5.13 5 .08  Sod. cholatc 

Sod. desoxycholatc 
Sod. taurocholate 
Sod. glycocholate 22 1 23 1 251 4.52 4 . 3 3  3.98 

" Slope of linear portion of solubilization curve determined by the meihod of least s q ~ ~ a r e s .  
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structure of the solubilized molecules influence in 
various ways the arrangement of the surfactant 
moleculcs in the micelle (9, 13). Experiments pres- 
ently being conducted in our laboratories, dcaling 
with the effects of amphiphilic and nonpolar addi- 
tives and inorganic electrolyte on the solubiliza- 
tion characteristics of these drugs should yicld an 
insight to  thc location of the solubilized drug mole- 
cules in the bile salt micelle. 

Effect of Temperature on Solubi1ization.-Tern- 
perature is an important factor which has a varying 
effect on the extent of micellar solubilization. The 
structure of the surfactant and/or the solubilizate 
will dictate whether there is an effect and whether 
it is positive or negative. 

Inspection of the saturation ratio values for 
griseofulvin, presented in Table I, shows that as 
the temperature of the system increases from 27 to 
45" there is a corresponding increase in the degree 
of micellar solubilization. This positive tempera- 
ture effect is observed in all of the bile salt solutions 
studied. Similar temperature effects were observed 
for both hexestrol (Table I1 ) arid glutethirnide 
(Table 111). However, tcmperaturc appcars to  have 
less of an influence on the solubilization of hexestrol 
in comparison to  the other 2 solubilizates. 

A positive temperature effect is contrary to  the 
theory proposed for micellar solubilization in solu- 
tions of fatty acid soap-type surfactants (3). Ac- 
cording to this theory, in a homologous series of 
fatty acid soaps, below 25", as the temperature is 
increased, the ChlC of the surfactant decreases, 
due to an increase in the entropy of the structured 
water molecules around the hydrocarbon portion 
of the surfactant molecule. As the temperature is 
increased above 25", the kinetic motion of the 
surfactant molecules in the micelle is enhanced and 
overshadows this entropy effcct. The thermal mo- 
tion causcs a slight incrcase in the CMC of the sur- 
factant and thus increases the difficulty with which 
micelles form. Based on these facts, one would 
expect that a t  higher temperatures solubilization 
should decrease. 

Although a number of studies have been coil- 
ducted to examine the effect of temperature on the 
solubilization process in typical ionic surfactant 
solutions, relatively few temperature studies have 
been conducted in bile salt solutions. Merrill and 
McBain (12) observed a positive temperature co- 
efficient (ix., the ratio of the saturation ratio a t  a 
highcr tcmperature to that a t  a lower temperature 
exceeded unity) for the dye Yellow AB in 0.1 N 
sodium desoxycholate solutions. Hofmdnn ob- 
served a similar temperature effect on tlie solubiliza- 
tion of azobenzcnc in sodium glycochcnodcsoxy- 
cholate solutions, but observed no effect on the 
solubilization of the monoglycericle, I-monoolein 
(24). 

- 

- 
- 
- 

- 

- 

- 
- 

3 0.8 
2 0.6 1- L - 

1 2 3 4 5  6 

Fig. 4.-Solubility of glutethimide as a function 
of sodium cholate concentration and temperature. 
Key: 0, 27'; 0, 32'; A, 37". 

molar CONCN. OF SODIUM CHOLATE (X 102) 

quences of these bile salts and each of the drugs. 
Unfortunately, a t  present, very little is known 
about the structures of the bile salt micelles. How- 
ever, they are thought to be considerably different 
from the classical spherical micelles formed by the 
more common surfactants. A dctailed explanation 
for these observed differences must await a more 
complete understanding of the molecular arrange- 
ment of the bile salt micelles, as well as knowlcdge 
of the uature of tlie interactions that are important 
in causing micellar aggregation of both the un- 
conjugated and conjugated bile salts. 

It can readily be seen from both the saturation 
ratio and inverse saturation ratio data, presented 
in Tables 1-111, that the solubilities of hexestrol, 
glutcthimidc, and griscofulvin in the same bile 
salt differ greatly. For these solubilizates, the 
solubilities increase in the following order: griseo- 
fulvin < glutethimide < hexestrol. It would ap- 
pear, based on the higher saturation ratios observed 
for both hexestrol and glutethimide as comparcd 
to griseofulvin, that they are being incorporated 
prcdominatcly into thc "palisade laycrs" of the bile 
salt micelle as would a relatively polar solubilizate 
molecule (1-3). On the other hand, griseofulvin 
is probably more closely associated with the hydi-o- 
carbon region of the micelle, similar to a nonpolar 
solubilizate molecule (1-3). 

As previously indicated, knowledge of the exact 
structure of the bile salt micelles is lacking. In 
view of this insufficiency, the mechanism by which 
the molecules of the solubilized substances are in- 
corporated in the miccllcs must rcmain speculative 
until furthcr investigations in this area. I t  should 
also be noted that the chemical nature, size, and 

TABLE III.-MAXIMUH SOLUBILIZING POWER OF BILE SALTS FOR GLUTETHIMIDE 
~ - -. . ..-. . - - 

Saturation Ratioa X 102, moles of Inverse of Saturation Ratio, moles of 
p l e  Salt/mole of Glutethimide Glutethimidejmole of Soluhilizer 

Solubilizer 27" 32" 370 27 320 370 
Water 7.13 x 1 0 - 2  8.38 x 10-2 9.94 x 1 0 - 2  . . . . . .  . . .  
Sod. cholate 59.8 96.2 104 16.7 10.4 9.62 
Sod. desoxycholate 103 119 163 9.71 8 .40  6.13 
Sod. taurochokdte 61.2 100 108 16.3 10.0 9.26 
Sod. glycocholatc 54.3 92.0 71.8 18.4 10.9 13.9 

a Slope of linear portion of solubilization cui ve determined by the method of least squares. 
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TABLE IV.-PARTITION COEFFICIENTS FOR (>RISEOFULVIN, HEXESTROL, A S D  GLUTETHIMIDE BETWEEN THE 
MICELLAR AKD NOSMICELLAR PHASE AT 3 TEMPERATURES 

Solubilizer 

Sod. cholate 
Sod. dcsoxycholate 
Sod. taurocholatc 
Sod. glycocholate 

Sod. cholate 398 
Sod. desoxycholate 352 
Sod. taurocholate 472 
Sod. glycocholate 475 

270 
Partition Coefficient, K X 10-3 

320 37“ 450 
Griseof ulvin 

11.7 . . .  8.66 6.67 
10.2 ... 8.66 7.39 
8.21 . . .  6.86 6.03 
8.39 . . .  7.18 6.17 

Hexestrol 
. . .  294 
. . .  251 
. . .  338 
. . .  347 

Glutethimide 
Sod. cholate 0.840 1.15 
Sod. desoxycholate 1.45 1.42 
Sod. taurocholate 0.859 1.20 

1.05 
1.64 
1.09 

211 
192 
240 
269 

Sod. glycocliolate 0.762 1.10 0.722 . . .  

Since micellar solubilization is closely related to 
niicellc formation, onc possiblc explanation for the 
positive temperature effects observed in the present 
study is that as the tempcraturc of the system is 
increased the CMC of the bile salt decreases. 
However, values determined from the solubilization 
curves for thc individual bile salts show that the 
CMC values of the bile salts are mot significantly 
altered in the ternperaturc range cmployed in this 
study. Thus, the observed temperature efiects 
cannot be explained on the basis of CMC values. 

A morc plausible explanation has been proposed 
hy McBairi arid Hutchinson (1). According to  
these investigators, it may be assumed that the 
principal effect of temperature is to  “change the 
solubility of the solubilizatc in thc micelle.” Hof- 
mann (24), in his investigations of the effect of 
temperature on the solubilization of azobenzene 
and 1-monoolcin in sodium glycochetiodesoxy- 
cholate solutions at  23 arid 37’, states that, “the 
1iight.r saturation ratio obscrved for the former 
solubilizate a t  37’ ueed uot indicate any change in 
the state of micellar aggregation.” This vicw is in 
agrecmcnt with Hofmann’s observations that 1- 
nionooleiri had the same saturation ratio at 23 and 
8T”, thcrcby indicating that temperature has little 
effect on the rriicellar organization. 

Thermodynamic Evaluation.-The results of this 
investigation are consistent with the hypothe 
that temperature primarily influences the “solu 
i ty”  of the solubilizatc molecule in the bile salt 
micellc. Thercfore, one would expect that as the 
temperature of the system is increased so should 
the degree of interactitrn between the solubilizatc 
molecule and the hilc salt molecules comprising the 
micellc. In vicw of this consideration, it was 
decided to determine the thermodynamics of these 
bile salt-drug systems so that an appreciation for 
the magnitude of the energics involvcd in thc pro- 
cess of micellar solubilizatiou in bile salt solutions 
could bc obtaincd. 

In ordcr to determine the thermodynamic con- 
stants associated with the solubilization of griseo- 
fulvin and hexestrol in bile salt solutions, a pseudo 
two-phase model was selected. According to this 
model, the sohbilizate molecule is partitioned 
between an aqucous phase and a micellar phase. 

solvcnt and water. The partition coefficient, K ,  
associated with this process was detcrmincd by the 
use of Eq. 7. The valucs obtaiucd for griseofulvin, 
hexestrol, and glutethimide a t  3 temperatures arc 
listed in Table IV. The magnitude of these values 
shows that the poorly water-soluble drugs arc 
preferentially partitioned to the micellar phase. 

The data in Tablc I I: also indicate that a decrease 
in the partition coefficients of both griseofulvin and 
hexestrul occurs with an increase in temperature. 
No definite conclusion could be niadc for thc cffect 
of temperature on partition coefficient for glutethi- 
midc. A similar decrease in partition coeflicicnt 
with temperature was observed by Rippic and co- 
workers (25), in considering the solubilization of a 
methylprednisolone-21-liemiester in aqueous solu- 
tions of polysorbate 80. Thcsc investigators par- 
tially attribute this negative effect to micellar size 
changes. In conducting this investigation it ‘cc.as 
decided to consider thc phcnomenon on the basis of 
thermodynamic factors. The heats of solution of 

t 4.05 t 

3.1 3.2 3.3 
7-1 (“K.-’) X 10% 

Fig. 5.-Plots of log K us. 1/T for griseofulvin 
Key: 0, sodium glycocholatc; 0, sodium tauro- 

This partitioning is similar to that observed for a cholate; 0, sodium desoxycholate; X, sodium 
poorly water-soluble drug between a nonpolar cholate. 
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should be linear. From the slope of such a plot 
the standard enthalpy change, A H n ,  associated 
with this partitioning process can be obtained. 
Typical van't Hoff-type plots for griseofulvin (Fig. 
5 )  and hexestrol (Fig. 6) show the exccllcnt lin- 
earity observed over the temperature range studied. 
Treatment of the glutethimide data in a similar 
manner produced plots which were nonlinear. 
This suggests the possibility that glutethimide is 
solubilized by a diffcrent mechanism than are 
hexestrol and griseofulvin. 

\'alucs for the standard free energy changes 
( 4 F 0 )  and entropy changes ( A S n )  associated with 
the solubilization process were determined with the 
aid of Eqs. 8 and 10, respcctivcly. The values of 
4P, A i l o ,  and 4Su for the solubilization of griseo- 
fulvin in t h e  4 individual bile salts are presented in 
Table V,  and those for hexestrol in Table V T .  

The negative AFU values obtained is indicative 
of the spontaneity of the solubilization process. 
Thc standard cnthalpies, AHO, for each drug in 
all of the bile salts are quite similar. However, 
thcre is a significant difference betwceii the AH" 
values for hexestrol and for griscofulvin. This in- 
dicates that the enthalpy function is more dependent 
on the nature of the drug molecule than on the 
nature of the bile salt molecule. The negative 
enthalpy changes obtained are consistent with the 
hypothesis that micellar solubilization is an cxo- 
thcrmic process (1, 25, 26). 

It has been proposed that because of the loss of 
frccdom cxperienced by the drug molecule in going 
from the aqueous phase to the micellar phase a 
negative entropy change should accompany the 
solubilization process (26). The small positive 
entropy values obtained in this investigation in- 
dicate that other factors must be taken into con- 
sideration. A possible explanation for the positive 
entropy values is that loss of water structure in 
the system counterbalances the restrictioti placed 
on thc drug molecule when it is solubilized by the 
bile salt micelle. 

Biological Implications.-A coniparison of thc 
equilibrium ratio of thc amount of drug solubilized 
by a 0.04 iZI bile salt solution to that in watcr for 
the 3 solubilizates at 37" shows that the ratios in 
decreasing order are: hexestrol > griscofulvin > 
glutethirnide (Table VTI). A bile salt concentra- 
tion of 0.04 M is considered to be the approximate 

5.30 

~~~ 

3.1 3. ? 3.3 
T-1 ("K. -1) x 103 

Key: 
0 ,  sodium glycocholatc; 0, sodium taurocholate; 
0, sodium desoxycholate; X ,  sodium cholate. 

Fig. 6.--Plots of log K us. 1/Tfor hexestrol. 

griscofulvin and hexestrol in water and in each of 
the bile salt solutions was dctcrmined from the slope 
of a Clausius-Clapeyroti-type plot ( i .e . ,  a plot of 
log solubility versus l /T).  The heats of solution 
(AHs01".) in the bile salt micelle ranged from -2.5 
to  -5.0 Kcal./molc for griseofulvin and from ap- 
proximately zero to - 1.4 Kcal./mole for hexestrol, 
as cornparcd to  -7.3 Kcal./mole for griseofulvin 
and -8.4 Kcal./mole for hexestrol in watcr. This 
indicates that thc solubility of the drugs in the 
aqueous phase is affected by temperature more than 
it  is in the bile salt solutions, resulting iu the ob- 
served decrease in the partition coefficient. 

According to  Eq. 9, a plot of log K versus 1/T 

TABLE V-STANDARD THERMODYNAMIC FUNCTIONS FOR GRISEOFULVIN IN BILE SALT SOLUTIONS 
~~~~~~ 

~~~ 

A W , a  ---- AFO. KcaI.;moI--- . ,-- -as0. Entropy unit.+-- 
Bile Salt Kcal./mole 300°K. 310'K. 318OK. 300'K. 310'K. 318'K. 

Sod. cholate -5.9 -5.61 -5.61 -5.59 -1 -1 -1 
Sod. desoxycholate -3 .4  -5.53 -5.61 -5.66 +7 +7 +7 
Sod. taurocholate -3.2 -5.40 -5.47 -5.53 +7 +7 +i 
Sod. glycocholatc -3.2 -5 .42 -5..50 - 5 . 5 4  +7 +7  +i 

a Slope of the linear plot of log K P I S .  1/T determined by the method of least squares 

TABLE VI.-STAXDARD THERMODYNAMIC FUNCTIONS FOR HEXESTROL IN BILE SALT SOLUTIONS 
__ 

4Hn,n --- 4FO. K c a l . / m o l v -  -. ,--4.q0, Entropy units--. 
Bile Salt Kcal./mole 300'K. R l O O K .  318'K. 300°K. 310'K. 318°K. 

Sod. cholate - 6 . 6  -7.73 -7.80 -7.79 i - 4  +4 +4 
Sod. desoxycholate -6.4 -7.65 -7.70 -7.73 +4 $4 +4 
Sod. taurocholate -7 .1  -7.83 -7.88 -7.87 $- 2 + 3 +2 
Sod. glycocbolate -6 .2  -7.83 -7.90 -7.93 1-5 +6 +5 

a Slope of the linear plot of log K DS. 1 /T  determined by the method of least squares 
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rriolarity of the total bile salts prescnt in the small 
intestinc during fat absorption (21, 24, 28). These 
values show that  the bile salts display a significant 
effect in incrcasing the solubility of these poorly 
water-soluble drugs. 
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TABLE VII.-RATIOS O F  THE SOLUBII.ITIRS OF 

IN 0.04 l!-!f SOLUTIONS O F  CONJUGATED AND US- 
HEXESTROL, GRISEOFULVIN, AND GLUTETHIMIDE 

CONJUGATED BILE SALTS TO THAT IN WATER AT 37’ 

- Drug-- 7 

Ctiseo- Gluteth- 
Bile Salt Hexestrol fulvin imide 

Sod. cholate 122 5 .7  1 .6  
Sod. desoxycholate 139 6.7 2.1 
Sod. taurocholate 148 5 . 6  1 . 6  
Sod. glycocholatc 147 5 .7  1 . 5  

Drug absorption across the gastrointestinal barrier 
takcs place almost exclusively from a solution of the 
drug (29). Therefore, the drug must be in solution 
before it can be absorbed. In  the case of extremely 
water-insoluble drugs, dissolutioii of the drug usually 
becomes the slow rate-determining step in the ab- 
sorption process. 

Poorly water-soluble drugs will partition be- 
tween the aqueous phasc and a liquid phasc, with 
a relatively large lipid-water partition coefficient. 
From a physicochernical point of view, one can draw 
an analogy between these poorly water-soluble 
drugs and a dietary lipid. Based on this aualogy 
it would be interesting to  spcculatc that  thc gastro- 
intestinal tract handles these drugs in the same 
manner as i t  handles dietary lipids. In view of the 
in vitvo evidence i t  is quite conceivable that  rela- 
tively water-insoluble drugs may be absorbed by 
a mechanism involving preliminary solubilization 
of the drug by bile salt niicelles present in the s~riall 
intestine. 

Relative dissolutiom rate studies indicate that bile 
salts significantly increase the dissolution ratcs of 
griseofulvin and hexestrol over that  in water (30). 
These findings serve to  strengthen further the 
possibility that  physiologic surfactants play an  
iiiiportaiit role in the dissolution step of thc ab- 
sorption process. 

Lecithin and cholcsterol, which arc normal com- 
ponents of bile, as well as fatty acids and mono- 
glycerides, which are the normal breakdown products 

of fat digestion, have been shown to  form mixed 
micelles with the conjugated bile salts in the small 
intestine. Extensive studies curreutly are being 
conducted to  determine the effects of these, as 
well as other additives, on the degree of solubilizatiou 
of water-insoluble drugs under conditions simulating 
those existing in the human small intestine during 
fat digestion and absorption. 
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