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Abstract The simultaneous solubilization of some androgens and 
estrogens in aqueous polysorbate 40, tetradecyltrimethylammonium 
bromide, and sodium lauryl sulfate was studied. The solubilizations of 
estradiol and testosterone were independent of each other in all three 
association colloids. However, if the estrogen component was ethinyl 
cstradiol, the soluhilization was dependent on the addition order. The 
estrogen precipitates more readily than testosterone in polysorbate 40 
and tetradecyltrimethylammonium bromide, but the opposite is true in 
sodium lauryl sulfate. The simultaneous solubilizations of methyltes- 
tosterone or ethisterone with the estrogens tested were different from 
those of testosterone. The solubilization behavior of the steroids is dis- 
cussed, starting with the pseudophase model and different solubilization 
loci. Results indicated that the free energy change of micellar binding, 
LGb. decreases with increased steroid polarity. The simultaneous solu- 
bilization cannot be predicted by ACb but may be explained by differ- 
ences in the solubilization mechanism. 

Keyphrases 0 Solubilization-androgens and estrogens in various as- 
sociation colloids 0 Androgens-solubilization in various association 
colloids D Estrogens-solubilization in various association colloids 

The solubilization of poorly soluble drugs is of great 
pharmaceutical interest. The surfactants used may be 
important in drug bioavailability (1). 

The solubilization of steroid hormones by aqueous so- 
lutions of surfactants was reviewed previously (2). More 
recent reports (3-7) indicated that solubilization continues 
to be of interest. 

A recent report from this laboratory (8) dealt with the 
simultaneous solubilization of estrogens and Cnl-steroids 

in aqueous solutions of association colloids. The poorly 
soluble estrogen, estradiol, solubilized independently of 
the Czl-steroids, whereas the solubilization of ethinyl es- 
tradiol was independent of corticosterone and hydrocor- 
tisone but dependent on the presence of progesterone and 
desoxycorticosterone (21-hydroxyprogesterone). 

This report deals with the dissolution behavior of es- 
trogens and androgens simultaneously solubilized in 
aqueous solutions of three association colloids chosen as 
representatives of nonionic, cationic, and anionic types. 

EXPERIMENTAL 

Materials-Purification methods and the tests of purity of the steroid 
hormones and the association colloids were described previously (8). The 
association colloids used were sodium lauryl sulfate’, tetradecyltri- 
methylammonium bromide*, and polysorbate 40“. 

Solubilization Experiments-The solubility studies were carried 
out as previously described (8). The procedures were: saturation of the 
solution of association colloid with the first steroid and quantitation of 
solubilized steroid, saturation with the second steroid, and, finally, UV 
spectroscopic quantitation of both solubilized steroids. Special notice 
was paid to complete equilibration of the solutions. The soluhilization 
temperatures were 20° for tetradecyltrimethylammonium bromide and 
polysorbate 40 and 40’ for sodium lauryl sulfate. 

The UV absorbance of the steroid solutions was recorded a t  around 

Koch-light Lahoratories. 
K & K Laboratories. 
Tween 40, Atlas Chemical Industries 
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Table I-Influence of the Addition Orde r  on Solubilization Capacities of Surfactants  fo r  Hormonal Steroids 

Moles of Steroid per Mole of Surfactant" 
Order of Addition of Steroid I I1 111 

First Second First Second First Second First Second 

Testosterone Estradiol 0.027 0.013 0.13 
Estradiol Testosterone 0.013 0.027 0.068 

Ethinyl estradiol Testosterone 0.063 0.027 0.078 
Methyltestosterone Ethinyl estradiol 0.046 0.18 0.13 
Ethinyl estradiol Methyltestosterone 0.18 0.046 0.27 
Ethisterone Estradiol - - 0.005 
Estradiol Ethisterone - - 0.068 

Testosterone Ethinyl estradiol 0.027 0.18 0.12 

0 I = polysorbate 40," = tetradecyltrimethylammonium bromide, and 111 = sodium lauryl sulfate. 

0.068 0.20 0.025 
0.13 0.025 0.20 
0.25 0.04 0.13 
0.024 0.065 0.18 
0.25 
0.12 - - 
0.068 - - 
0.005 - - 

- - 

280 nm for the estrogens and around 240 nm for the androgens. The molar 
absorptivity of the steroids in different colloid solutions was investigated. 
The steroids did not affect the molar absorptivity of each other. 

RESULTS 

The simultaneous solubilization of the estrogens estradiol and ethinyl 
estradiol and the androgens testosterone, methyltestosterone, and 
ethisterone in the three association colloids tetradecyltrimethylammo- 
nium bromide, polysorbate 40, and sodium lauryl sulfate was investigated. 
If excess estradiol was added to a solution saturated with testosterone, 
or vice versa, the steroids were solubilized in all three association colloids 
as if they had been added independently. The amount of steroids solu- 
bilized increased linearly with the concentration of association colloid. 

When ethinyl estradiol was used as the estrogen component together 

Figure l-(a) Solubility of testosterone in aqueous solutions of poly- 
sorbate 40. Key: 0,  testosterone only; A, testosterone first and ethinyl 
estradiol second; 0, ethinyl estradiol first and testosterone second; and 
0, testosterone and ethinyl estradiol at the same time. (b) Solubility 
of ethinyl estradiol in aqueous solutions of polysorbate 40. Key: 0, 
ethinyl estradiol only; A, testosterone first and ethinyl estradiol second; 
0, ethinyl estradiol first and testosterone second; and 0, testosterone 
and ethinyl estradiol at the same time. 

with testosterone, the solubilization was dependent on the order of ad- 
dition. If excess ethinyl estradiol was added to a saturated solution of 
testosterone in polysorbate 40, the two steroids solubilized independently 
(Fig. la) .  However, if the addition was done in the opposite order, the 
micellar solubilization of ethinyl estradiol dropped to 35% of its maximal 
value while testosterone was solubilized almost maximally (Fig. Ib). If 
excesses of both steroids were added a t  the same time, testosterone was 
solubilized maximally while the micellar solubility of ethinyl estradiol 
dropped to the same order of magnitude (-30%) as if it were added 
first. 

In tetradecyltrimethylammonium bromide, 8% of the solubilized tes- 
tosterone precipitated on addition of excess ethinyl estradiol which, in 
turn, reached 93% of i ts  maximal seturation (Fig. 2a). If the saturations 
were done in the opposite order, 71% of the solubilized ethinyl estradiol 
precipitated while testosterone reached only 72% of its maximal satura- 
tion (Fig. 26) .  

In a solution of sodium lauryl sulfate, the simultaneous solubilization 
of testosterone and ethinyl estradiol was strikingly different from that 
in polysorbate 40 and tetradecyltrimethylammonium bromide. Eighty 
percent of the solubilized testosterone precipitated on addition of excess 
ethinyl estradiol while the estrogen component solubilized maximally 
(Fig. 3a).  If the saturation were carried out in the opposite direction, 50% 
of the ethinyl estradiol precipitated and testosterone was solubilized 
almost maximally (Fig. 36) .  

Methyltestosterone showed a different solubility behavior from tes- 
tosterone. In polysorbate 40, the solubilities of methyltestosterone and 
ethinyl estradiol were independent of each other (Fig. 4). In the opposite 
direction, 17% of methyltestosterone precipitated and the estrogen 
component reached 93% of its maximal value (Fig. 4). 

Ethisterone was also studied. This androgen hormone has the lowest 
micellar solubility of all steroids tested. It was solubilized independently 
of estradiol in tetradecyltrimethylammonium bromide. 

The solubilization capacities of the three surfactants for the different 
steroids were calculated (Table I). 

DISCUSSION 

Solubilization was defined as the transfer of cosolute (X) from the pure 
state, either crystalline (c) or liquid (0,  to micelles (9). The process must 
be distinguished from micellar binding, which involves the transfer of 
cosolute from an aqueous (aq) solution into the micelle ( m ) .  The equi- 
librium between X,, and X, may be governed by the distribution law, 
or nonlinear isotherms (plot of [X,] against [Xnq]) are obtained for mi- 
cellar binding (9). T o  determine the micellar constants from solubility 
measurements alone, the micellar binding has to be governed by the 
distribution law. If the law is obeyed, saturation solubilities may be used 
for determination of the partition constant K, (9). 

The linear relationship between surfactant concentration and quantity 
of solubilized steroid in unsaturated systems is indicative of solubility 
governed by the distribution law. The linearity was confirmed for a 

Table  11-Free Energy Change, AGb, of Micellar Binding of 
Hormonal Steroids in Aqueous Solutions of Surfactants  

AGb, J mole-' 
Steroid I" I1 111 

Testosterone 14,322 18,217 19,285 
Ethisterone 14,583 19,254 20,594 
Estradiol 16,256 20,353 17,874 
Ethinyl estradiol 21,258 22,263 20,452 

a See footnote a, Table 1. 
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TETRADECYLTRIMETHYLAMMONIUM BROMIDE, M X 10’ 
Figure 2-(a) Solubility of testosterone in aqueous solutions o f  telradecyltr imethylammonium bromide. Key: 0,  testosterone only; A, testosterone 
first and ethinyl estradiol second; and 0 ethinyl estradiol first and testosterone second. (b) Solubility of ethtnyl estradiol in aqueous solutions 
of tetradecyltrimethylamnionium bromide. Key: 0, ethinyl estradiol only; A, testosterone first and ethinyl estradiol second; and 0, ethinyl estradiol 
first and testosterone second. 

I I 1 
0.5 1 .o 

SODIUM LAURYL SULFATE, M X 10’ 
Figure 3-(a) Solubility of testoslerone in aqueous solutions of sodium lauryl sulphgte. Key: 0,  testosterone only; A, testosterone first and ethinyl 
estradiol second; and a, ethinyl estradiol first and testosterone second. (b) Solubility o f  ethinyl estradiol i n  aqueous solutions of sodium lauryl 
sulfate. Key: 0, ethinyl estradiol only; A, testosterone first and ethinyl estradiol second; and 0, ethinyl estradiol first and testosterone second. 
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TETRADECY LTRIMETHY LAIMMONIUM 
BROMIDE, M X 10 

Figure 4-Solubility of ethinyl estrodiol in aqueous solutions of 
tetradecyltrimethylammonium bromide. Key: 0 ,  methyltestosterone 
only; A, methyltestosterone first and ethinyl estradiol second; and 0, 
ethinyl estradiol first and metkyltestosterone second. 

number of steroids by dialysis experiments (10). Thus, the partition 
constant between micellar and nonmicellar steroids can be defined by 
(9. 11): 

(Eq. 1) 

where K ,  is the partition constant, [XR] is the saturation solubility of 
steroid in the “micellar phase,” and [Xiq] is the saturation solubility of 
steroid in water. 

Although the two-phase model is inappropriate for describing mono- 
mer-micelle equilibria, it is useful for solubilizing systems. Accordingly, 
Eq. 2 (9, 11) can be used to calculate the free energy change of micellar 
binding AGb (J mole-’): 

AGb = -RT In K ,  (Eq. 2)  

By starting with the values of the water solubility of steroids (12) and 
solubilization capacities, AGb values of steroids solubilized separately 
and simultaneously were calculated (Table 11). The ACb values differed 
considerably. 

The introduction of an ethinyl group into the 17 a-position of estradiol 
decreased the AGb value greatly while the effect on testosterone was 
minor. This apparent contradiction can be explained by the effect of the 
ethinyl group on the polarity of the steroid molecule, increasing the net 
dipole moment of estradiol but reducing that of testosterone (13). Thus, 
AGb depends on the balance of hydrophilicity between the ends of the 
molecule, which determine the orientation of the molecules in the mi- 
celle. 

These results clearly indicate that AGb decreases with increased steroid 
polarity in contradiction to an earlier study (10). This result can be ex- 
plained by different solubilization mechanisms; nonpolar species are 
solubilized by the hydrocarbon core while the polar ones penetrate the 
palisade layer of the micelle. Furthermore, the location of the cosolute 
in the palisade layer can be characterized as deep or short penetration 
(14). Presumably, the polar steroids decrease the interfacial energy by 
orientating themselves in the palisade layer with the polar groups a t  the 

micelle-water interface. The solubilization of nonpolar species is deter- 
mined by the volume of the hydrocarbon core of the micelle (15). 

The fact that  testosterone and estradiol can be simultaneously solu- 
bilized independently of each other is consistent with the idea that ste- 
roids can be solubilized in differe’nt loci. Testosterone has a larger net 
dipole moment (13) and is likely to penetrate the palisade layer while 
estradiol is solubilized in the hydrocarbon core. This assumption is 
supported by observations indicating that testosterone is associated with 
the polar part of the micelle (16). 

The simultaneous solubilization of steroids cannot be predicted by the 
free energy of micellar binding (Table 11). Other factors obviously in- 
fluence the behavior of the steroids in the micellar solution. 

Ethinyl estradiol has a more negative ACb than testosterone but is 
solubilized only to -30% of its maximal value, while testosterone is sol- 
ubilized maximally. This contradiction may be explained by differences 
in the solubilization mechanism. Both ethinyl estradiol and testosterone 
are rather polar and are supposed to he solubilized in the palisade layer. 
However, the less polar testosterone is most likely to be solubilized by 
deep penetration while ethinyl estradiot could be solubilized by short 
penetration. Thus, the solubilization loci of the two steroids partly 
overlap. During simultaneous solubilization, a new state of equilibrium 
for the micelle has to be considered. Testosterone does not precipitate 
in polysorbate 40 and tetradecvltrimethylammonium bromide solutions 
when excess ethinyl estradiol is added because testosterone is more deeply 
embedded in the micelle. On the other hand, ethinyl estradiol precipitates 
011 addition of testosterone because the microenvironment of the micelle 
is changed in an unfavorable direction for solubilization of ethinyl es- 
tradiol. 

From the present data, the enthalpy and entropy contributions to the 
free energy of solubilization cannot be deduced, but some hypothetical 
conclusions can be drawn. If the micelle is assumed to be in liquid state 
(17), the partial molar entropy of solubilization is given by: 

(Eq. 3) 

where S,, Si, and S, are the entropies in the solubilized, liquid, and 
crystalline states, respectively. The transfer from the crystalline to liquid 
state implies an increase in entropy, which is assumed to be almost the 
same for all steroids. Hence, the entropy change of the transfer from pure 
liquid t o  micelle is most important and is dependent on the type of micelle 
and the interaction between the surfactant and cosolute. 

A similar change in enthalpy can be expected for the steroids dissolving 
in the micellar core. A different enthalpy change is observed for molecules 
solubilized at  the micelle surface. This factor, in addition to the entropy 
change, may be important in the simultaneous solubilization of ste- 
roids. 

as: = (S, - s,)p,l + (S, - S,),. l  
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