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SUMMARY

In the previous report, it was confirmed that bile salt micelles display 2 significantly
higher affinity for indomethacin as compared to phenylbutazone in pH 7.3 phosphate
buffer at 37°C. The extent of micellar solubilization seemed to be influenced by the
nature of the solubilized molecule. The difference between indomethacin and phenyl-
butazone in micellar interaction was investigated. This difference could not be explained
on the basis of the lipid solubility and molal volume. It was suggested that the mecha-
nism responsible for the solubilization of indomethacin may be due to the formation of
mixed micelles of the bile saits and the drug. On the other hand, the lower degree of
interaction of phenylbutazone with bile salt micelles can probably be attributed to its
carbon acid.

INTRODUCTION

In the previous reports of this series (Miyazaki et al., 1979, 1980), it was confirmed
that bile salts markedly enhance the dissolution and absorption of the non-steroidal anti-
inflammatory drugs, indomethacin and phenylbutazone, which are very poorly soluble
in water. The mechanism of interaction between the two drugs and bile salts was also
studied. The results indicated that the enhancement of the dissolution of indomethacin
in the presence of bile salts was mainly due to micellar solubilization. On the other hand,
the enhanced dissolution of phenylbuiazone may be due to the wetting effect. Based on
the saturation ratios found for the two solubilizates, it can be seen that bile salt miceiles
display a significantly higher affinity for indomethacin as compared to phenylbutazonc.
The present investigation wes undertaken to clarify the difference between indomethacin
and phenylbutazone in micellar interaction.
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MATERIALS AND METHODS

Maierials

The following materials were used: indomethacin !, phenylbutazone !, mefenamic
acid 2, oxyphenbutazone *, phenindione !, sodium deoxycholate ¢, sodium taurodeoxy-
cholate !, and sodium lauryl sulfate °. They were used without further purification
except for mefenamic acid.

Apparent partition coefficients

Six ml of the buffered drug solution and 6 ml of organic solvent previously saturated
with the same buffer solution were placed into a glass-stoppered test tube. Samples were
equilibrated by shaking the tubes at 37°C in an incubator. The separated aqueous phase
was analyzed for indomethacin and phenylbutazone by the fluorometric (Hucker et al.,
1966; Moriyaina et al., 1971) and UV spectrophotometric (Burns et al., 1953) procedure,
respectively. The apparent partition coefficient of solute was calculated from the initial
and final concentrations of the drug in the aqueous phase.

Apparent molal volumes

The densities of saturated solutions were determined at 25°C with a 50 m] Wadon
pycnometer. Apparent molal volumes were calculated using the equation described by
Lee and Hyne (1968).

Solubility studies

The solubilities of drugs were determined in 1/15 M phosphate buffer of pH 7.3 con-
taining various concentrations of bile salts at 37°C. Excess amounts of samples were sus-
pended in 2 ml of the bile salt solutions. These suspensions were shaken for 24 h in the
incubator. Aliquots were filtered with a Millipore filter (0.45 pum) and assayed spectro-
photometrically.

Micellar interaction by the molecular sieve method
The interaction between the bile salt and the drugs was studied by the molecular sieve
method (Ashworth and Heard, 1966).

NMR measurements

Sodium deoxycholate (20 mM) was dissolved in the pH 7.3 phosphate buffer, in 2H,0.
An excess of the drugs was equilibrated with the bile sait solution by the described proce-
dure for solubility studies. Aliquots filtered were examined in JEOL PS-100 NMR
spectrometer using DSS as internal reference. All runs were carried out at 37°C.

! Sigma Chemicals, St. Lowis, Mo.

2 Sank yo, Tokyo.

3 Fujisawa Pharmaceuticals, Osaka.

4 Tokyo Kasei, Tokyo.

5 Wakc Pure Chemical Industries, Osaka.
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RESULTS AND DISCUSSION

In the previous report (Miyazaki et al., 1979), data on the micellar solubilization of
indomethacin and phenylbutazone in 0—40 mM aqueous solutions (pH 7.3) of the sodi-
um salts of cholic, deoxycholic, taurocholic and glycocholic acids at 37°C were presented.
The interaction of the drugs with the other conjugated bile salt, sodium taurodeoxy-
cholic acid, and the typical synthetic anionic surfactart, sodium lauryl sulfate, were also
studied by the solublity method. The slope of the linear portion of the solubilization
curve represents the ratio of micellar drug to micellar bile salt and is termed the satura-
tion ratio (Hofmann, 1963). As shown in Table 1, the saturation ratio for indomethacin
in the bile salt solution is many times greater than that of phenylbutazone, indicating
that bile salt micelles display a significantly higher affin ty for indomethacin. A similar
difference in micellar interaction was also found for sodium lauryl sulfate. Lovering and
Black (1974) observed a similar poor solubility of phenylbutazone in micelles of bile
salts. These differences between indomethacin and phenylbutazone in micellar interaction
are examples of the well established fact that the extent of micellar solubilization is
influenced by the nature of the solubilized molecule.

The structural formulae of indomethacin and phenylbutazone are presented in Table 2.
Indomethacin has a carboxylate anion, whereas phenylbutazone has a bulkhy heterocyclic
molecule with a negative charge. The pK_ of both drugs is 4.5 (Newton and Kluza, 1978)
and they are essentially ionized at pH 7.3.

According to a pseudo two-phase model, the solubilizate molecule is partitioned
between an aqueous phase and a micellar phase. This partitioning is similar to that ob-
served for a poorly water-soluble drue hetween a non-polar solvent and water. In order to
exaniine the differences in their lipid solubility, we measured the apparent partition coef-
ficient at pH 7.3 using benzene and cyclohexane as non-polar solvents. It is clear in Table 2
that the apparent partition coefficients of phenylbutazone were greater than those of indo-
methacin. No correlation between the apparent partition coefficient and micellar solubili-

TABLE 1
SATURATION RATIOS OF BILE SALTS FOR INDOMETHACIN AND PHENYLBUTAZONE

Bile salts ) . mol of micellar drug
Saturation ratio *( . -
mol of micellar bile salts

Indomethacin Phenylbutazone
Sodium deoxycholate ** 0.271 0.085
Sodium cholate ** 0.247 0.023
Sodium glycocholate ** 0.213 -0.r%
Sodium taurocholate ** 0.234 ~0.045
Sodium taurodeoxycholate 0.154 0.02:
Sodium lauryl sulfate 0.158 0.023

* Slope of the linear portion of the solubilization curve determined by the least-squarts method.
** Values obtained from the previous report (Miyazaki et al., 1979).
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zation could bes demonstrated. Consequently, it seems to be difficult to explain the dif-
ference in micellar interaction between indomethacin and phenylbutazone on the basis
of the lipid solubility.

It can be rationalized that the molal volume of solubilizate is usually one of the im-
purtant factors determing their degree of solubilization (Collett and Koo, 1975). Volume
available within the micelle for the solubilizate molecule is limited. Therefore, the
apparent molat volume measurements of both drugs were carried out at pH 7.3. It is clear
in Table 2 that the apparent molal volume of indomethacin was greater than that of
phenylbutazone. This suggests that the molal volume of the drugs contributes little to the
difference in their micellar interaction,

Micellar solubilization is broadly classificd into 3 types (Klevens, 1950): first, incor-
poration in the hydrocarbon center of the micelle; second, incorporation by penetration
into the palisade layer of the micelle with the solubilizate oriented in approximately the
same manner as is the surfactant molecule in the micelle; and third, adsorption on the
surface of the micelle. Small et al. (1969) proposed that cholate and deoxycholate
micelles are formed by hydrophobic association of the hydrocarbon backs of the rigid
steroid nuclei in such a way that the hydrophilic sides, coniaining the hydroxy groups
and the negatively charged ionic groups, are exposed to water. At pH 7.3, bile salts are
negatively charged due to the protonation of the carboxylate groups. As previously
indicated, indomethacin has also a carboxylate anion and the ionic form carries a relatively
large hydrophobic portion in the molecule. There is an electronic similarity between bile
salts and indomethacin; both have polar groups (carboxylate groups) at each end of their
molecules. It would appear that this was being incorporated predominantly into the
palisade layers of the bile salt micelles, resulting in a mixed micelle formation (Bates et
al., 1966; Thakkar, 1970). This may explain why indomethacin enters the bile salt
micelles. On the other hand, it seems reasonable to assume that the lower degree of
interaction of phenylbutazone with bile salt micelles can probably be attributed to the
carbon acid. Stella (1975) showed that phenylbutazone has a hindered dissolution at pH

SOLUBILITY RATIO
™~
1T
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MOLAR CONCN. OF SODIUM DEOXYCHOLATE x 10°

Fig. 1. Effect of sodium deoxycholate on the solubilities of mefenamic acid (o) and oxyphenbuta-
zone (®) in pH 7.3 phosphate buffer at 37°C,
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values greater than its pK, bed: use of non-instantaneous ionization kinetics. Non-instan-
taneous ionijzation is a characteristic of most carbon acids. In addition, the possible species
of phenylbutazone that can exist in a pH 7.3 solution is the so-called mesomeric anion
(Stella and Pipkin, 1976). The electrostatic repulsion between the bulky heterocyclic
molecule with a negative charge (the mesomeric anion) and the negatively charged
carboxyl groups of bile salts may be considered to impede the incorporation of phenyl-
butazone into the miceiles. Therefore, the effect of drug icr: was investigated using me-
fenamic acid and oxyphenbutazone, pK, =4.2 and 4.7 (Newton and Kluza, 1978), as
the other normal carboxylic acids and carbon acids, respectively.

The interaction of the drugs with bile salts was studied by the solubility method. Since
sodinm deoxycholate had the greatest effects on the solubility and dissolution of indo-
methacin and phenylbutazone, it was selected for further study. The equilibrium solubili-
ties i mefenamic acid and oxyphenbutazone in the bile salt solution at various concen-
trations are shown in Fig. 1. The solubilities are expressed as the ratio of solubility in the
bile salt solution to its solubility in pH 7.3 buffer. It is clear that the solubility of me-
fenamic acid is increased in the presence of sodium deoxycholate, whereas a slight increase
in the solubility was observed for oxyphenbutazone. The saturation ratios were found to
be 0.236 and 0.094 for mefenamic acid and oxyphenbutazone, respectively.

The interactions of the drugs with the bile salt were also studied by the molecular sieve
method. Fig.2 shows the micellar interaction between the drugs and sodium deoxycholate.
As might be expected, mefenamic acid formed a micellar complex, and the fraction of
this increased as the concentration of the bile salt increased. On the other hand, oxyphen-
butazone forms a micellar complex with the bile salt only to a small extent. The difference
between mefenamic acid and oxyphenbutazone in micellar interaction was similar to that
in indomethacin and phenylbutazone.
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Fig. 2. Plots showirg the ratio of total to free mefenamic acid (o) and oxyphenbutazone (e) in pH 7.3
phosphate buffer containing various concertrations of sodium deoxycholate at 37°C.

Fig. 3. Effect of sodium deoxycholate on the solubility of phenindione in pH 7.3 phosphate buffer at
37°C.
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TABLE 3

!H-CHEMICAL SHIFTS IFOR SODIUM DEOXYCHOLATE IN THE PRESENCE AND ABSENCE
OF THE DRUGS IN 2H,0

Composition Chemical shifts, r (ppm)

C-18H C-19H C2iH  C-23H

Sodium deoxycholate alone 9.30 9.08 9.01 7.90
Sodium deoxycholate in the presence of indomethacin 941 9.20 9.05 7.91
Sodium deoxycholate in the presence of phenyibutazone 9.30 9.11 9.05 7.89

Further evidence for the effect of drug ion on the extent of micellar interaction was
obtained when the authors carried out an investigation of the solubility of the other
typical carbon acid, phenindione (pK, =4.09) (Stella and Gish, 1979). Its solubility
profile is shown in Fig. 3; the solubility of phenindinne was not changed by sodium
deoxycholate. The lower degree of interaction with bile salt micelles seems to be charac-
teristic of most carbon acids.

NMR spectroscopic measurements have provided useful information about location of
the solubilized drug molecules in the bile salt micelle. NMR chemical shifts for certain
hydrogens of sodium deoxycholate both alone and in the presence of indomethacin and
phenylbutazone are shown in Table 3. Proton assignments were adapted from those
reported for bile salts (Small et al., 1969).

An upfield shift in the C-18 and C-19 methyl protons of ~0.1 ppm occurred by the
addition of indomethacin. The signals from the C-21 methyl group and C-23 protons were
essentially unchanged, as were other protons not listed in Table 3. Hydrophobic bonding
is the suggested mechanism of aggregation of bile salt monomers into micelles and the
C 18 and C-19 methyl groups are on the hydrophobic side of the steroid nucleus (Small
et al., 1969). These observations suggest that the hydrophebic side of the bile salt
molecule containing the C-18 and C-19 methyl groups interacts with the hydrophobic
portion of the indomethacin molecules. Such interaction may enhance the solubilization
process.

In the case of phenylbutazone, no appreciable shifts of the protons were observed,
indicating a poor interaction of phenylbutazone with the bile salt micelle.

The results obtained in this work indicate that the mechanism responsible for the
solubilization of indomethacin is due to the formation of mixed micelles of the bile saits
and the drug. On the other hand, the lower degree of interaction of phenylbutazone with
the bile salt micelles is probably associated with the carbon acid, that is, the drug ion. It
is suggested that the carbon acids which form the mesomeric anion have this bulky charge
group and have difficulty being incorporated into the micelle. However, further studies
should be made to obtain a complete understanding of the mechanism.
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