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The effect of mixed micellar systems, bile salt /fatty acids,
on the solubility and intestinal absorption of clofazimine (B663)
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Abstract

Clofazimine (B663) is a highly lipophilic drug used in the treatment of leprosy. The solubility and gastrointestinal
membrane permeability (Pam,) of B663 in mixed micellar systems were examined. Membrane permeability was
determined using a rat gut perfusion model and, in addition, these studies incorporated the hydrophilic marker PEG
4000. The mixed micellar systems studied contained the bile salt, sodium cholate (NaC), in association with different
fatty acids including caprylic acid, oleic acid and linoleic acid. At a set concentration of NaC (40 mM) the solubility
of B663 increased with increasing concentration of each fatty acid. Relative to NaC, the maximum enhancement in
solubility (16-fold) was obtained with the NaC/linoleic acid (40:40 mM) system. An optimum bile salt/fatty acid
ratio of 1:1 existed for maximum solubility enhancement. All mixed micellar systems enhanced the absorption of
B663 relative to the simple micelle. The P,,, tended to increase with increasing fatty acid concentration, maximum
enhancement being obtained with the NaC/linoleic acid 40:40 mM system. With each mixed micellar system a
higher P,,, was obtained with lower drug loading. The effects of the mixed micellar systems on the absorption of
PEG 4000 varied with fatty acid loading. These results have shown that mixed micelles can enhance the absorption
of B663 to a greater extent relative to non-micellar and simple micellar systems. Maximum enhancement (> 800-fold)
in the rate of B663 absorption was obtained with the NaC /linoleic acid 40:40 mM system. These results offer a
possible explanation for the reported enhancement in gastrointestinal absorption of B663 when co-administered with
fatty materials,
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1. Introduction resistant leprosy. It is a lipophilic compound the
gastrointestinal absorption of which is enhanced

Clofazimine (C,,H,,CI,N,) is a rimno-phen- by lipids (Yawalker and Vischer, 1979). We have
azine derivative used in the treatment of dapsone previously shown (O’Reilly et al., 1994) that the
solubility of B663 is significantly enhanced in the

presence of a range of bile salts including sodium

* Corresponding author. cholate, a trihydroxy unconjugated bile salt. Stud-
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ies on rat gut membrane permeability of B663
from a range of different concentrations of sodium
cholate indicated that significant enhancement
occurred only at the higher concentration of 80
mM.

In the gastrointestinal tract during lipid diges-
tion bile salts are found associated with phospho-
lipids, fatty acids and monoglycerides. In combi-
nation with bile salts these lipoidal compounds
form mixed micelles. Many studies have reported
enhanced bioavailability of drugs when adminis-
tered in combination with mixed micellar solu-
tions (Palin, 1985; Tomita et al., 1988; Park et al.,
1992). The aim of this study was to extend the
previous simple micelle work and to investigate
the effect of bile salt/fatty acid mixed micellar
systems on the solubility, and gastrointestinal ab-
sorption of clofazimine in the rat.

2. Theory

The apparent permeability coefficient (P,,,) of
the drug is an indication of the overall permeabil-
ity of the gastrointestinal barrier to the drug and

is defined in Eq. 1 (Ho et al., 1977, 1983):
Popp=1/[(1/Py) + (1/P,)] (1)
where P, is the permeability coefficient of the
aqueous boundary layer for drug molecules (cm
s™!) and P, represents the membrane perme-
ability coefficient (cm s~ ).

Values of P,, and P, may be calculated as
follows:

P aq = aq/ h (2)
where D, is the aqueous diffusion coefficient of

all drug species (cm s™!) and # denotes the
effective thickness of the aqueous boundary layer.

P,=P,+P, 3)

where P, is the permeability coefficient of the
lipoidal pathway of the membrane for the non-
dissociated drug species and P, represents that
of the aqueous pore pathway.

The experimental apparent permeability coef-
ficient was calculated for each system using the
following expression:

Papp = —(Q/2mrl) - In(C(1) /C(0)) 4

where Q is the flow rate (ml s™!) and C(1)/C(0)
denotes the fraction of drug remaining in the
intestinal lumen of length / and effective lumenal
radius r.

The rate of drug absorption (R), mg s~ !, was
also calculated for each system according to the
following:

R=(C(0)-C(}))-Q ()

where (C(0) — C(1)) is the difference in concen-
tration of drug entering and leaving the lumen.

3. Experimental
3.1. Materials

All bile salts and fatty acids of least 98%
purity were obtained from Sigma Chemical Co.
Clofazimine (B663) was obtained from the Health
Research Board Laboratories, Trinity College,
Dublin. ["“CJPEG 4000 (specific activity 15
mCi/g) was obtained from Amersham. All sol-
vents used were of HPLC grade. Sorenson’s
phosphate buffer was prepared using Analar
grade phosphate salts.

3.2. Preparation of mixed micelles

Mixed micellar solutions were prepared by
adding the fatty acid incrementally to concen-
trated solutions of the relevant bile salt in buffer
(pH 7.2). All systems were stirred continuously at
37°C. Saturated solutions were prepared by
adding excess drug to the system and sonicating
for 60 min. The solutions were then filtered twice
through a 0.2 um HPLC grade filter.

3.3. Determination of solubility
The saturated solubility of clofazimine in each
of the systems under investigation was deter-

mined using the method of Hamlin and Higuchi
(1966). Samples were assayed by UV at 283 nm.

3.4. Rat gut perfusion studies

Absorption studies were conducted using a rat
intestinal perfusion technique (Komiya et al.,
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1980), and samples were assayed for B663 by
HPLC, as previously described (O’Reilly et al.,
1994). To assess membrane integrity all systems
incorporated a ‘non-absorbable’ marker, [*C]
PEG 4000, which was assayed by liquid scintilla-
tion counting (O’Reilly et al., 1994). All perfusate
samples collected were weighed, the results ob-
tained indicating no significant change in flow
output rate during perfusion. The P,,, values
were calculated using the actual fluid flow rate
based on the weight of perfusate sample.

3.5. Measurement of diffusion coefficients

Diffusion coefficients were measured by two
separate techniques: (1) quasi-elastic light-
scattering analysis was used to determine the
diffusion coefficients of micellar aggregates. Solu-
tion viscosities were determined using a U-tube
viscometer; and (2) diffusion cell method as de-
scribed by Goldberg and Higuchi (1968). A silver
membrane filter of diameter 25 mm and pore size
0.45 um (Millipore AG4502500) was used. The
cell was calibrated using benzoic acid as a stand-
ard substance of known diffusion coefficient.

4. Results and discussion

The effects of mixed micellar solutions, formed
by incorporating various fatty acids into the bile
salt sodium cholate (NaC), on the solubility and
gastrointestinal absorption of B663 were investi-
gated.

4.1. Solubility of clofazimine in mixed micelles

Previous studies (O’Reilly et al., 1994) have
shown that a range of simple bile salt micellar
systems enhance the solubility of clofazimine; at a
concentration of 40 mM this enhancement varied
from 17- to 30-fold, with sodium cholate and
sodium deoxycholate, respectively. In this study
the solubility of B663 in mixed bile salt /fatty acid
micelles was measured. Initially four fatty acids
were examined: caprylic acid, a medium-chain
saturated fatty acid (Cg.q); stearic acid, a long-
chain saturated fatty acid (C,4.,); oleic acid, a
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Fig. 1. Solubility of clofazimine (B663) (mean +S.D.) in mixed

micellar systems containing sodium cholate (40 mM) and

varying concentrations of fatty acids: (m) linoleic acid; (a)

oleic acid; (O) caprylic acid.

long-chain unsaturated fatty acid (C5.,); and
linoleic acid, a long-chain unsaturated fatty acid
(Ci4.,). Attempts to make mixed micelles using
stearic acid were unsuccessful, within the concen-
tration range studied.

The solubility of clofazimine in the presence of
sodium cholate (40 mM)/fatty acid mixed mi-
celles, at pH 7.2, with increasing concentration of
fatty acid is shown in Fig. 1. The solubility of
B663 increased with increasing concentration of
each fatty acid, the plots tending to show a nega-
tive curvature at higher concentrations. It ap-
pears that as the ratio of bile salt/fatty acid
approaches 1:1 the increase in solubility begins
to plateau. The solubility enhancements observed
in the presence of caprylic acid and oleic acid
were very similar. The relative enhancement in
the presence of linoleic acid (16-fold) was approx-
imately double that of the other fatty acids, in the
bile salt/fatty acid 1:1 systems.

The solubility of B663 in the presence of
sodium cholate /caprylic acid mixed micelles at
various concentrations of both the bile salt and
the fatty acid was measured. These results show
that as the concentration of fatty acid increased
the solubility of B663 reached a maximum and
then began to decrease (Fig. 2). This decrease
appeared to occur at a bile salt /fatty acid ratio of
< 1. These systems with sodium cholate /caprylic
acid were optically transparent when prepared.
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Bile salts possess the ability to solubilise fatty
acids into mixed micelles. The fatty acid is likely
to be solubilised within the hydrocarbon portion
of the micelle. The bile salt micelle swells appre-
ciably on the addition of even a small amount of
fatty acid, e.g., the micellar weight of the sodium
deoxycholate micelle in 0.1 M sodium chloride
increases from 4950 to 7810 for solutions contain-
ing 1 mol of oleate to 5 mol of deoxycholate
(Small, 1971). In this study, the observed increase
in solubility in the presence of the mixed micelle
1s attributed to an increased affinity of the drug
for the lipophilic mixed micelle interior. The de-
crease in solubility, at bile salt/fatty acids ratios
of <1, may be the result of a phase change
within the mixed micellar systems. Staggers et al.
(1990) prepared equilibrium phase diagrams cor-
responding to the aqueous lipid composition of
the upper small intestinal contents during lipid
digestion. Analysis of the hydrodynamic radius of
the micellar species present showed that, with
increases in the ratio of mixed intestinal lipids
(MIL) to mixed bile salts (MBS), the composition
of the micellar phase changed. At a ratio of
0.8-1.2 the radius increased abruptly to values
typical of those of vesicles and two phases co-ex-
isted, namely, cholesterol and MIL saturated mi-
celles along with unilamellar vesicles. Alterna-
tively, the decrease in solubility may be indicative
of competition between the drug and the fatty
acid for the bile salt micelle (Crooks et al., 1973).

The differences in solubility enhancement ob-
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Fig. 2. Solubility of clofazimine (B663) (mean +S.D.) in mixed

micellar systems containing sodium cholate (NaC) and caprylic

acid: (B) 40 mM NaC; (©) 30 mM NaC; (O) 20 mM NaC.

Papp (cm / sec x 105+ S.D.)

10 mM 26 mM 40 mM

NaC : Caprylic acid

NaC

Fig. 3. Apparent permeability coefficients (mean+S.D.) of
clofazimine and PEG 4000 from mixed micellar systems con-
taining sodium cholate (NaC) (40 mM) and varying caprylic
acid loading (statistically significant from the P,op in 40 mM
NaC at the * 99% and the ** 95% level).

served with different fatty acids may be depend-
ent on structural factors. The solubility enhance-
ment increased with an increase in the degree of
unsaturation of the fatty acids. In addition, the
lower melting point fatty acid resulted in greater
drug solubilization.

4.2. Absorption from mixed micellar systems

The effects of changing a range of parameters,
including (1) the type of fatty acid used, (2) the
loading of the fatty acid into the micelle, and (3)
the drug loading in the micelle, on the gastroin-
testinal absorption of B663 and PEG 4000 from
mixed micelles were estimated.

4.2.1. Type of fatty acid

In saturated solutions of B663 all mixed micel-
lar systems studied enhanced drug absorption
relative to the simple micelle (Fig. 3 and 4).
Maximum absorption was observed with linoleic
acid, the long-chain unsaturated fatty acid. The
effect of the mixed micellar systems on the ab-
sorption of PEG 4000 varied with the fatty acid
loading (Fig. 3 and 4).

4.2.2. Fatty acid loading

4.2.2.1. Clofazimine. The effect of fatty acid load-
ing on the absorption of B663, in saturated solu-
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tions, was also examined. The P, , tended to
increase with increasing fatty acid concentration.
In all mixed micellar systems containing 40 mM
fatty acid a significant increase in P,,, of B663
relative to the simple NaC micelle was obtained
(Fig. 3 and 4). Maximum enhancement was ob-
tained with the NaC/linoleic acid systems, at
40:40 mM a 4-fold increase in the P, of B663
relative to the simple micelle was observed. De-
creasing the linoleic acid concentration from 40
to 20 mM did not significantly affect the P,;, of
B663 (Fig. 4).

All mixed micellar systems investigated in-
creased the rates of absorption of B663 relative
to non-micellar and simple micellar systems. Max-
imum enhancement of the order of ~ 800-fold
was obtained with the NaC/linoleic acid 40:40
mM system (Table 1).

The enhanced P,,, of B663 in the presence of
bile salt fatty acid mixed micelles may be at-
tributed to a combination of the mixed micelle
facilitating diffusion of the drug through the ABL,
and, an effect on the permeability of the mem-
brane thus facilitating absorption of the micel-
lised drug. The effect of the mixed micelle on the
ABL may be to reduce the thickness of the mucus
layer in a fashion similar that of the simple bile
salt micelle (O’Reilly et al., 1994). Several reports
in the literature have suggested that fusogenic
fatty acids may affect the permeability of the

Papp (cm/ sec x 105 + 8.D.)

NaC: Oleic acid

NaC : Linoleic acid

Fig. 4. Apparent permeability coefficients (mean+S.D.) of
clofazimine and PEG 4000 from mixed micellar systems con-
taining sodium cholate (NaC) (40 mM) and varying oleic acid
and linoleic acid loadings (statistically significant from the
P, in 40 mM NaC at the * 99% and the ** 95% level).

app

Table 1
Rate of absorption of clofazimine from mixed bile salt /fatty
acid (40:40 mM) micellar systems

System Rate Relative
(mg s~ 1) (x10%) enhance-
(£S.D) ment
Buffer (pH 7.2) 0.0134+0.002

Sodium cholate (NaC) (40 mM) 0.216+0.009 16.64
NaC/oleic acid (40:40 mM) 2.505+£0.107 193
NaC/caprylic acid (40:40 mM) 3240+0.155 249
NaC/linoleic acid (40:40 mM)
Saturated with B663
Unsaturated with B663

10.470+0.381 805
2.630+0.120 202

intestinal membrane to a drug (Maggio and Lucy,
1976; Muranishi, 1985). Muranishi et al. (1981)
investigated the effects of various fatty acids on
membrane fluidity and reported that the lower
the melting point of the fatty acid (long-chain
unsaturated fatty acids have lower melting points
than saturated acids) the more the membrane
was disordered. It was suggested that the en-
hanced membrane permeability caused by fuso-
genic lipids was assocciated with disorder in the
hydrophobic region of the lipid bilayer and the
interaction of the incorporated lipid with the
polar head group of the membrane phopholipid.

Kajii et al. (1988) have demonstrated that
caprylic acid exerted a membrane perturbing ac-
tion on rat small intestine brush border mem-
brane vesicles and liposomes in vitro, and that
this effect was related to interaction with a mem-
brane protein. The enhanced P,;,, of B663 in the
presence of mixed micelles containing the
medium-chain saturated caprylic acid may there-
fore be explained in terms of a slightly different
mechanism to that of the fusogenic oleic and
linoleic acids.

4.2.2.2. PEG 4000. The effects of the mixed mi-
cellar systems on the P,,, of the drug and the
PEG 4000 were not directly correlated. At low
concentrations of caprylic and linoleic acids (10—
20 mM) the P,,, of PEG 4000 decreased com-
pared to that obtained with the simple bile salt
micelle. However, as the concentration of fatty
acid was increased this trend was reversed, a
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> 2-fold increase in the P,,, for PEG 4000 being
obtained when caprylic acid was increased from
20 to 40 mM (Fig. 3). This effect was not obvious
with oleic acid. However, when the membrane
permeability of PEG 4000 (P,) was calculated, as
previously described (O’Reilly et al,, 1994), the P,
increased from 1.357 %X 107° cm s~ ! with the
simple NaC micelle (40 mM) to 2.783, 1.600, and
2159 x 10~ cm s~ ! with mixed micellar systems
(40 : 40 mM) containing caprylic, oleic and linoleic
acids, respectively.

We previously reported that the P,,, of PEG
4000 increased with increasing concentration of
the bile salt NaC (O'Reilly et al., 1994). It was
postulated that this enhancement was due to a
change in the paracellular permeability of the
membrane caused by the effect of the bile salt on
the tight junctions.

In the case of the mixed micellar systems used
in the current study, the fatty acids at low con-
centrations appear to exercise a protecting effect
on the membrane, i.e., masking the effect of the
bile salt on the tight junctions. This effect may be
due in part to the fatty acid reducing the CMC of
the bile salt and therefore reducing the active
molecular concentration of bile salt available.
However, at high fatty acid concentrations (bile
salt /fatty acid ratio of 1: 1) the ‘protective’ effect
is reduced.

The enhanced P,,, of PEG 4000 at the high
fatty acid concentration may be due to a change
in the paracellular permeability. This is consistent
with the work of Tomita et al. (1988), who investi-
gated the absorption enhancement mechanisms
for a range of fatty acids and bile salt /fatty acid
mixed micelles using an everted sac procedure.
The colonic pore radius was reported to increase
from control values of 0.8-0.9 to 1.1-1.2 nm in
the presence of sodium caprylate and to 1.3~1.6
nm in the presence of mixed micelles. In addi-
tion, Tomita et al. (1988) reported that the thick-
ness of the ABL in the perfused colonic loop was
reduced to approximately one quarter the control
in the presence of sodium caprate and from ap-
prox. 0.112 to 0.072 cm in the presence of the
mixed micellar system. These results suggesting
that a decrease in the resistance of the ABL
represents an additional promotional mechanism

Table 2

Experimental permeability coefficients (P,,,) of clofazimine
(B663) from simple bile salt (40 mM) and mixed bile salt /fatty
acid (40:40 mM) micellar systems unsaturated and saturated

with B663

Micellar system

P, ems™H{x10°)(+8.D)

app

Unsaturated Saturated
Sodium cholate (NaC) 1.164 +0.150 0.7381+0.041
NaC/caprylic acid 2.710+0.183 2 1.590 +0.067
NaC/oleic acid 2.470+0.237 2 1.217 +0.060
NaC/linoleic acid 3.890+0.280 * 2.974+40.152

* Statistically significant from P, of corresponding saturated
system at = 99%.

are consistent with the proposed mechanism of
enhancement for B663.

4.3. Drug loading

To investigate the effect of drug loading in the
mixed micelle, absorption was investigated from
corresponding systems unsaturated with drug. The
initial concentration of drug in each of the per-
fusates was constant at 0.0264 mg ml~!. The
saturation levels varied depending on the solubil-
ity of the drug in the relevant system. The de-
grees of saturation were 38.9, 39.9 and 19.16%
for the NaC systems with caprylic, oleic and
linoleic acids, respectively. With each fatty acid
system a higher P,,, was obtained with lower
drug loading (Table 2). This trend is consistent
with the results obtained for simple bile salt
micellar systems (O’Reilly et al., 1994). The rates
of absorption of B663 from the unsaturated sys-
tems were lower than from the corresponding
saturated systems (Table 1).

The aqueous diffusion coefficients (D) of
NaC /caprylic acid systems saturated and unsatu-
rated with B663 were measured to assess the
effect of micelle loading on the permeability of
the ABL to the micellised species (Py;). The Dj;
were measured by two methods, quasielastic light
scattering and a diffusion cell technique (Table
3). The D, of the mixed micelle is of the order
of 10 X 10~7 cm? s~! in the absence of drug. The
values are essentially the same for the mixed
micelle containing a 2:1 and a 1:1 ratio of bile
salt to fatty acid. Addition of B663 results in a
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Table 3

Aguecus diffusion coefficients (D)) of sodium cholate/

caprylic acid mixed micellar systems

DX (em®s™1)

(x 107 (+S.D.)

Method Method

A? B®

40:40 mM NaC/caprylic acid  10.78 -

40:20 mM NaC /caprylic acid 10.98 -

40:40 mM NaC /caprylic acid
Unsaturated with B663 10.34
Saturated with B663 0.341

Micellar system

8.650+0.44
0.655+0.18

# Quasi-elastic light-scattering data.
® Diffusion cell method.

decrease in D”; with an increase in saturation.
The mean D, of the NaC/caprylic acid 40:40

mM cuctem nncnfnrqud with drue is 921 X 10— 7

mM system unsaturated with drug is 9.21 X 1
cm? s~ This is a slightly lower rate of diffusion
than the micelles in the absence of drug. Increas-
ing the concentration of drug to form a saturated
system, however, led to a further reduction and a
mean D} of 0.55 X 1077 cm? s™*. The magnitude
of the dxfference in D;“q was unexpected. Amidon
et al. (1982), using progesterone in Tween 80 as a
model micelle solubilised system, showed that the
difference in D;'; for a micellar system saturated
and unsaturated with progesterone was insignifi-
cant.

The increase in D;‘:1 of the unsaturated, rela-
tive to the saturated, and the consequent increase
in the P, was not sufficient to explain the ob-
served enhancements in permeability coefficient.
In addition to the effect on Py, it is postulated
that the enhanced effective permeability is due in
part to direct transfer of drug from the micelle to
the membrane.

5. Conclusions

The bile salt/fatty acid mixed micellar sys-
tems, containing either caprylic, oleic or linoleic
acids, resulted in further enhancements in the
P,,, of B663 compared to those previously re-
ported for simple micelle systems (O’Reilly et al.,
1994). The rates of absorption of B663 also in-
creased, maximum enhancements of the order of

800-fold being obtained with the NaC/linoleic
acid 40:40 mM system.

The alterations in the absorption of B663 in
the presence of bile salt /fatty acid micelles arise
from a combination of a number of factors in-
cluding increased solubility due to micellar solu-
bilization, reduction in the resistance imposed by
the ABL, a specific fatty acid related effect on
membrane permeability, and an effect on the
diffusion coefficient.

The effects of the mixed micellar systems on
the absorption of B663 and PEG 4000 were not
directly correlated. At low concentrations of fatty
acid the absorption of PEG 4000 tended to de-
crease relative to the simple micelle; this trend
was reversed at higher fatty acid concentrations.
The increase in the P__ of PEG 4000 at the

app
higher fattv acid concentrations was consistent

righer fatty acid concentrations consistent
with increases in paracellular membrane perme-
abilities.
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