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Abstract The solubility of cholesterol in mixed aqueous ionic
and non-ionic micellar systems in the presence and absence of
salts and ionic dyes has been studied. The mixed micellar sys-
tem of cetyl trimethyl ammonium bromide and Triton X-100
solubilized more cholesterol than a system consisting of sodium
dodecyl sulfate and Triton X-100. The influence of salts and
dyes on these systems was moderate but different for each
system. Sodium chloride, calcium chloride, and sodium citrate
had mild effects on both the systems, whereas the effects of
potassium hydrogen phthalate, sodium salicylate, and sodium
acetyl salicylate were dramatic. The free energy, enthalpy, and
entropy of solution were determined. On the basis of the
energetics, the nature of the mixed systems is discussed. Sol-
ubility of cholesterol was found to bear a direct correlation
with the total lipid content.—Pal, 8., and S. P. Moulik. Cho-
lesterol solubility in mixed micellar solutions of ionic and non-
ionic surfactants. J. Lipid Res. 1983. 24: 1281-1290.

Supplementary key words mixed surfactant system e thermody-
namics

Solubility of cholesterol in bile is important from the
point of view of its transport and specific absorption. In
bile, cholesterol is solubilized in mixed micelles of bile
salts and lecithin; an abnormality in bile composition is
manifested by precipitation of cholesterol in the gall
bladder, thus forming gallstones (1, 2). Recently, em-
phasis has been put on the medical management of in
vivo cholesterol gallstone dissolution rather than sur-
gical removal (3). The possibility of the use of surfac-
tants as accelerators of gallstone dissolution has been
reported (4, 5). There have also been studies on the
solubility of cholesterol in surfactants in order to un-
derstand their physicochemical roles in relation to mem-
brane lipids (6-8). However, these studies are limited,
and there is no report of a study of cholesterol solubility
in mixed micellar systems composed of non-ionic and
ionic surfactants. Such studies with representative sur-
factants would be expected to offer a better understand-
ing of the general chemical and biochemical behavior
of cholesterol.

In this report we present results of studies of choles-
terol solubility in mixed micelles composed of Triton
X-100 (TX) and either sodium dodecyl sulfate (SDS) or

cetyl trimethyl ammonium bromide (CTAB) under var-
ious conditions. Triton X-100 was selected because it
is a non-ionic surfactant widely used in biochemical stud-
ies, particularly in cell lysis and membrane solubiliza-
tion, phospholipid metabolism, and for various other
purposes (9-11). Both cationic and anionic surfactants
were used to examine the effects of charge on the sol-
ubilization process. The effects of several salts and dyes
were also studied to understand the roles of minor com-
ponents.

EXPERIMENTAL PROCEDURE

Materials

Cholesterol (Croda Chemicals, England) was recrys-
tallized twice from hot distilled ethanol and dried over
sulfuric acid in a desiccator. The melting point
was 148°C; lit. value (12) 148.5°C.

For the makes, grades, and purities of the surfactants,
TX-100, SDS, and CTAB, we refer to our earlier pub-
lication (13). Critical micelle concentrations were de-
termined by measuring the surface tension of aqueous
solutions at different concentrations by the drop volume
method. Surface tension-concentration curves showed
no minima (SDS showed only a very shallow minimum)
suggesting a high degree of purity of the surfactants.
Elemental analyses revealed SDS and CTAB to be
99.0% and 99.6% pure, respectively.

The salts NaCl, Na-citrate, K-H-phthalate, and CaCl,
were of G.R. grade, Sarabhai Chemicals, India or E.
Merck, Germany. Na-salicylate and Na-acetylsalicylate
were prepared by recrystallizing the corresponding
A.R. BDH grade acids and neutralizing weighed quan-
tities of them with standardized NaOH solution.

Abbreviations: C, cholesterol; TX, Triton X-100 (p-tert-octylphen-
oxypolyoxyethylene ether); SDS, sodium dodecyl sulfate; CATB, cetyl
trimethyl ammonium bromide; AO, acridine orange; DSB, disulphine
blue; K-H-phthalate, potassium hydrogen phthalate; CMC, critical
micelle concentration.
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The dyes, acridine orange (AO) of E. Merck, Ger-
many and disulphine blue (DSB) of ICI, London were
used as received.

Doubly distilled water was used throughout the ex-
periments.

Methods

Unless otherwise stated, all measurements were taken
at 310°K in a temperature-controlled water bath of
+0.02° accuracy.

Cholesterol solubility was measured optically. Col-
loidal dispersion of cholesterol was possible at certain
concentrations of the ionic surfactants (approximately
ten times the CMC of the surfactants) by constant high
speed agitation of cholesterol powder for at least 2-3
days. A slurry obtained in this manner was stable for
hours at room temperature and did not sediment; if
occasionally stirred, it could be kept as such for months.
To measure the solubility, different amounts of the cho-
lesterol slurry and a fixed volume of a standard TX-100
solution were added to glass-stoppered test tubes. Final
volumes were adjusted by adding doubly distilled water
resulting in a series of mixtures with a fixed TX-100
concentration and progressively increasing concentra-
tions of cholesterol. Adjustments of ionic strength and
the concentration of the additives (salts and dyes) were
made whenever necessary through appropriate addition
of these ingredients. The sample tubes were then im-
mersed in the constant temperature bath with occa-
sional shaking and left for sufficient time (24 hr) to attain
equilibrium. The absorbances of the solutions were then
measured in a Hilger pattern Biochem Absorptiometer
of Associated Instruments, India, and in a Perkin-Elmer
Hitachi Model 200 UV-visible spectrophotometer at
430 nm. Above a critical cholesterol concentration, the
solutions were turbid. A plot of the absorbance versus
the volume of the slurry added yielded two intersecting
straight lines; the intersection was considered as the sol-
ubility point. The initial straight line ran parallel to the
X-axis with a very low absorbance measured against a
water blank; with surfactant mixtures as the respective
blanks, these absorbances were virtually zero. For the
same set of samples, both the absorptiometer and the
spectrophotometer yielded the same intersecting points
and the phenomenon was reproducible. The mean sol-
ubilities had a maximum deviation of 1.66%. The ab-
sorptiometer was used for most of the measurements.
The attainment of maximum solubility in 1 day is pre-
sented from a typical result obtained using a slurry of
3 mg of cholesterol in 100 mM SDS, and a final con-
centration of 1.67 mM TX-100. Measurements were
taken at intervals of 24 hr. At 24, 48, and 120 hr the
solubility remained constant at 0.25 + 0.002 mg/ml.
Twenty-four hours was sufficient time to attain the sol-
ubility equilibrium and was used throughout the study.
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Cholesterol solubility measured by the described optical
method was compared with the spectrophotometric
method of assay (14). For both SDS plus TX-100 and
CTAB plus TX-100 systems, the results agreed within
+ 3%. The direct absorption monitoring method was
fairly sensitive and was used for cholesterol solubility
determinations.

Cholesterol solubility was also studied in presence of
different additives. The upper limit of CaCl; concen-
tration used in the TX-SDS system was kept well below
the point of precipitation of the calcium salt of the sur-
factant. In the case of dyes, controls contained equal
amounts of the dyes as in the mixtures and the mea-
surements were taken at the wavelengths at which the
dyes absorbed at a minimum (520 nm for AO and 470
nm for DSB). In the SDS-TX system, the total lipid
concentrations were in the ranges 27.4-32.3 mM and
27.4-30.3 mM for the salts and the dyes, respectively.
The respective ranges for the salts and the dyes were
6.2-9.7 mM and 5.9-6.4 mM in the CTAB-TX system.

The cholesterol solubilities in both systems were re-
versible. This was tested by successively raising and low-
ering the environmental temperature of individual sam-
ples. Measurements in the temperature range 298-
318°K were useful in evaluating the energetics of the
process.

RESULTS

Table 1 presents the cholesterol solubilities in indi-
vidual surfactants at concentrations below and above
their respective CMC’s. The solubility in mixed surfac-
tant systems has been described under two classifica-
tions: System 1 (cholesterol + SDS + TX + water) and
System 2 (cholesterol + CTAB + TX + water). The
results were obtained at different ionic and non-ionic
surfactant compositions (Fig. 1). The non-ionic surfac-
tant, TX, increased the solubility in both systems, but
System 2 could solubilize more cholesterol than System
1. Representative results are presented in Table 2 and
Table 3 in terms of mole percent compositions of the
three lipids (SDS or CTAB, TX-100, and cholesterol)
assuming invariant solvent (water) in large excess. The
total lipid concentrations are also given. The composi-
tions indicate the boundaries between the clear and tur-
bid solutions in aqueous medium, i.e., the boundary
between the colloidal and noncolloidal states of the so-
lutions.

Effects of additives

The effects of the additives are shown in Fig. 2 and
Fig. 3A and B. It was observed that the equilibrium
cholesterol solubility increased with ionic strength up
to 0.1 M NaCl in System 1 (Fig. 2, curve 5), whereas it
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TABLE 1. Cholesterol solubility in pure surfactant
solutions at 310°K

TABLE 2. Compositions of the soluble mixed lipid system
(TX + SDS + C) with and without NaCl at 310°K

Solubility

Surfactant? ug/ml umol/1
CTAB (100 uM) (<CMCQC) 3.12 8.08
CTAB (10 mm) (>CMC) 4.00 10.36
SDS (1 mM) (<CMC) 3.50 9.07
SDS (10 mM) (>CMC) 4.08 10.57
TX-100 (24 uM) (<CMC) 5.20 13.47
TX-100 (20 mMm) (>CMCQC) 16.00 41.45

2 (CMC)¢-raB = 0.76 mM; (CMC)sps = 8 mM; (CMC)tx-100 = 0.30
mM.

decreased with concentration up to 0.05 M NaCl in Sys-
tem 2 (Fig. 3A, curve 3). Beyond these limits, the sol-
ubilities remained invariant. Thus, NaCl had opposite
effects on the solubilities in the two systems. The ad-
dition of CaCl, (at concentrations much lower than the
critical concentration at which SDS precipitates as the
calcium salt) decreased the solubility of cholesterol in
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Fig. 1. Plots of absorbance versus cholesterol concentration at 37°C
for Systems 1 and 2. Curve 1, slurry: 2.036 mg cholesterol per ml of
10 mM CTAB. Concentration of TX, 4 mM. Curve 2, slurry: 2.0 mg
cholesterol per ml of 100 mM SDS. Concentration of TX, 20 mM.
Curve 3, slurry: 1.02 mg cholesterol per ml of 80 mm SDS. Concen-
tration of TX, 30 mMm.

Total Lipid
X 102 (M) % TX % SDS % C
NaCl = 0

0.58 86.01 13.76 0.23
1.05 79.11 20.25 0.67
2.26 73.81 25.39 0.84
2.74 72.89 26.24 0.87
2.84 70.38 28.15 1.46
3.99 75.15 24.05 0.79
5.68 73.33 25.81 0.85
11.20 71.44 27.15 1.41

23.33 68.57 29.48 1.94

24.91 66.91 31.05 2.04

NaCl = 0.1 M

0.66 75.46 24.15 0.40
1.28 65.20 33.90 0.89
2.42 68.89 30.31 0.80
2.56 65.06 33.83 1.11
2.98 66.85 32.09 1.06
3.05 65.53 32.77 1.70

System 1 (Fig. 2, curve 1) but had no influence on Sys-
tem 2 (Fig. 3A, curve 6). Calcium was specific towards
System 1. At a much higher concentration, it only low-
ered the cholesterol solubility in System 2 to some ex-
tent. Thus, NaCl and CaCl, have dissimilar effects on
the solubility in the two systems. In System 2, Na-citrate
(up to a concentration of 2 mM) decreased the solubility,
which did not change at higher concentrations (Fig. 3A,
curve 1). The other organic salts, phthalate, salicylate,
and acetyl salicylate had striking effects on the choles-
terol solubility in System 2 (Fig. 3B). Solubility increased

TABLE 3. Compositions of the soluble mixed lipid system
(TX + CTAB + C) with and without NaCl at 310°K

Total Lipid
X 102 (M) % TX % CTAB % C
NaCl = 0
0.24 70.76 28.31 0.93
0.25 68.14 31.34 0.52
0.36 82.23 12.88 4.89
0.43 77.94 19.49 2.57
0.44 75.77 22.73 1.50
0.49 81.36 12.20 6.44
0.62 80.47 15.45 4.07
1.96 81.59 13.26 5.15
3.07 81.47 14.66 3.87
NaCl = 0.1 M

0.22 76.63 22.99 0.38
0.22 76.34 22.90 0.76
0.36 84.46 11.26 4.28
0.41 81.54 16.31 2.15
0.42 78.96 19.74 1.30
0.47 85.34 9.60 5.06
0.57 87.55 7.00 5.44
0.59 84.97 11.89 3.14
1.88 85.21 10.65 4.14

Pal and Moulik Cholesterol solubility in mixed micellar systems 1283

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

140

130

120

)

—
=
o

Cholesterol solubility(mg/ml)x103

100 —— 2(1m)

90

80 1)
| 1 1 1 1 1 i 1 1
0 0-05 010 015 20 025 030 . ‘
I I

1 2 1 2

L ) ) j—H-g?ttholatg]x IU"A&[CuC ;I x101§ 18 ?
0 ] 2 3 4 0 1‘(5)5 7 8 9 aom
L. i 1 1 JE ]X J 1 1 1 1 !y,j
0 01 02 03 04 05 06 07 08 09 10

[Dse] x10°m

Fig. 2. Additive effects on cholesterol solubility in SDS + TX system at 37°C (System 1). Curve 1, CaCly;
curve 2, AO at 0.1 M NaCl; curve 3, K-H-phthalate; curve 4, AO (no NaCl); curve 5, NaCl; curve 6, DSB (no

NaCl); curve 7, DSB at 0.1 M NaCl.

appreciably and progressively with the addition of these
salts. The effects were much less in System 1 (Fig. 3B).
The phenyl ring present in these salts played a special
role.

Low concentrations of dyes were used in the study.
They were found to affect the cholesterol solubility in
the mixed micellar systems. Systematic effects were not
observed. AO increased the solubility in System 1,
whereas in the presence of 0.1 M NaCl it was ineffective
(Fig. 2, curves 2 and 4). In this system, DSB increased
the solubility which increased further in the presence
of 0.1 M NaCl (Fig. 2, curves 6 and 7). The effect of
DSB was greater than that of AO. In System 2, AO
increased the solubility with no NaCl: the solubility de-
creased in the presence of 0.1 M NaCl (Fig. 3A, curves
2 and 7). Under similar situations, the effects of DSB
were just the reverse (Fig. 3A, curves 4 and 5).

Effect of temperature

The solubility showed a small temperature depen-
dency. The extent depended on the total lipid concen-
tration. Considering solubilization as the transfer of cho-
lesterol from the solid state to the micellar environment
(15), the standard free energy of solubilization
(AGZ—y,) was calculated from the relation

AGg—y = —RT In X, Eq. 1)

where R and T have their usual significance and X, is
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the mole fraction of cholesterol (X, = n./ 2 n;, where

n; refers to the number of moles of the i-th component
and n. is the number of moles of cholesterol in the
system). AG§—y thus refers to the unitary free energy
of the micellar solubilization process. Knowing the cho-
lesterol solubility in water (7), the standard free energy
of transfer of cholesterol from water to the micellar
environment was computed; such transfers were ther-
modynamically favorable. The enthalpy of the process
was estimated from the relation
AHg—\[ 1 1

In {(Xc)l/(xc)2 - R [T] TQ] Eq 2)
assuming AH§—, to be temperature independent in the
range 303°-318°K. From the free energy and enthalpy
of transfers, the entropy of transfer, AS§—\ was calcu-
lated from the Gibb’s equation. These thermodynamic
parameters are shown in Table 4 and Table 5. It is seen
from the tables that the solubilization process is exoth-
ermic in System 1 with a large negative entropy, whereas
it is endothermic in System 2 with a small negative en-
tropy: the process in System 2 is thus more favorable.

Effect of total lipid

At constant temperature, the equilibrium cholesterol
solubility is directly proportional to the total lipid con-
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Fig. 3. A, Additive effects on cholesterol solubility in CTAB + TX system at 37°C. Curve 1, Na-citrate; curve 2, AO at 0.1 M NaCl; curve 3,
NaCl; curve 4, DSB at 0.1 M NaCl; curve 5, DSB (no NaCl); curve 6, CaCl,: curve 7, AO (no NaCl). B, Additive effects on cholesterol solubility
in systems 1 and 2. System 1: A, K-H-phthalate; V¥, Na-salicylate. System 2: ©, K-H-phthalate; ®, Na-salicylate; ®, Na-acetyl salicylate.
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TABLE 4. Energetics”"’" of cholesterol solubility in SD§
+ TX + water system at 310°K

Total Lipid ~ SDS

X 102 (M) TX AGS—M  AHS—y ASS—Mm AGW—M
0.58 0.16 39.32 -77.41 —376.55 —-2.50
0.66 0.32  (37.52) (—45.28) (—267.12)  (—4.29)
2.26 0.344 32.43 —33.44 —212.46 —9.39
2.56 0.52  (31.32)  (—6.99) (-123.58) (—10.49)
2.74 0.36 31.83 —16.22 —155.01 -9.99
2.84 0.40 30.39 —35.65 —213.02 —11.43
2.98 0.48  (31.09) (—23.46) (—175.97) (—10.72)

11.20 0.38 26.83 —5.76 —105.11 —14.99
1175 0.45  (26.39) (—16.32) (—137.76) (—15.43)

“ Due to lack of cholesterol solubility data at 37°C, the value reported
(7) at 298°K was used to calculate AGH—.

4 AG® and AHP? are in k] mol™! and AS® in J- K 'mol~!.

¢ Values in parentheses are with reference to 0.1 M NaCl in the
medium.

centration. The results are depicted in Fig. 4. It is seen
that the initial slope is higher suggesting greater effec-
tiveness at lower concentrations. The importance of the
total lipid concentration on the cholesterol solubility in
synthetic and natural bile samples has been stressed by
Carey (16).

DISCUSSION

In aqueous medium cholesterol monomers exist up
to a concentration limit of 107® M. Stacked aggregates
occur up to 107® M and thereafter the aggregates co-
alesce into a separate phase (17). The solubilities of an-
hydrous cholesterol in this study in surfactant solutions
below their CMC’s were in the range of 8—14 uM (Table
1). We presumed that aggregates of cholesterol were
stabilized by surfactant monomers in solution. The re-
sults presented in Tables 2 and 3 represent cholesterol
solubilities in mixed micellar environments. The sur-
factant media contained TX-100 at concentrations
nearly tenfold the respective CMC’s of CTAB and SDS.
The ionic surfactants were nearly at their CMC values.
Under these conditions, a major part of the ionic and
non-ionic surfactants remained in the mixed state and
the concentrations of the mixed micelles were also well
above their respective CMC’s. Although the mixed mi-
cellar CMC’s for ideal and non-ideal binary surfactant
mixtures may be theoretically evaluated (18, 19), this
was not the goal of the present investigation. The mixed
micellar CMC’s at 1:1 mole ratio (0.5 mole fraction) for
SDS-TX-100 and CTAB-TX-100 systems determined
in our laboratory were 2.6 mM and 0.4 mM, respec-
tively. The present working media contained SDS and
CTAB in the mole fraction range of 0.1-0.2. The
mixed micellar CMC values must be then lower than
those obtained at 0.5 mole fraction (19). The solution
media therefore contained predominantly mixed mi-
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celles of more or less constant proportion and of ap-
preciable concentration.

The enhanced cholesterol solubility with the addition
of TX-100 in the ionic micellar solutions is in line with
the general solubility enhancement observed in mixed
surfactant systems. System 2 solubilized more choles-
terol than System 1. An ion-dipolar interaction between
the cationic group on CTAB and the —OH group on
cholesterol is possible: existence of interaction of cho-
lesterol with cationic surfactant has been suggested (8).
This is supported by the actions of NaCl. The mixed
micelles of colloidal dimension in System 1 and System
2 had opposite effective surface charges. Addition of
NaCl reduced the influence of these charges through
the collapse of their electrical double layers, and the
repulsion effect of anionic SDS on the cholesterol mol-
ecule was thus minimized by Nat ions, whereas the at-
tractive influence of the cationic CTAB on cholesterol
was also minimized by the influence of Cl™ ions. This
caused a solubility increase in System 1 and decrease in
System 2. Such a salt effect was not observed in the case
of CaCly. In System 2, this salt had no influence,
whereas it decreased the solubility of cholesterol in Sys-
tem 1. The concentration of CaCl, used was much
lower. In all probability, greater affinity of SDS for Ca?*
(they may form an ion pair) is a specific effect that al-
tered the micellar characteristic in System 1 causing
lower solubility. The ClI™ ion concentration was too low
to cause any decrease in the solubility (as with NaCl)
through a surface charge decrease phenomenon in Sys-
tem 2. At higher concentrations, CaCly was effective.
The general salt effect to increase the cholesterol sol-
ubility through the increased micellar concentrations
and aggregation could not be the explanation as both
increased and decreased solubility resulted from salt
effects.

Dramatic effects of the phenyl ring containing phthal-

TABLE 5. Energetics“® of cholesterol solubility in CTAB
+ TX + water system at 310°K

Total Lipid ~CTAB

X 102 (M) TX AGS—nM  AHS—y ASS—m AGW—m
0.24 0.460 39.43 27.23 —39.35 —-2.39
0.36 0.133  (33.01) (22.86) (—32.72) (—8.81)
0.36 0.157 32.60 19.75 —41.45 —9.22
0.41 0.200  (34.41) (22.91) (—37.11) (—7.40)
0.42 0.250  (35.63) (34.54)  (—3.50) (—6.18)
0.43 0.250 33.85 18.71 —-48.84 —-7.97
0.44 0.300 35.17 29.47 —-18.38 —6.66
0.47 0.113  (31.85) (20.57) (—36.38) (—9.96)
0.49 0.150 31.12 15.81 —49.40 —-10.70
0.57 0.080 (31.16) (22.89) (—26.68) (—10.65)
0.59 0.140  (32.50) (25.79) (—21.65) (-9.31)
0.62 0.130 29.91 14.68 —49.16 —11.91
0.62 0.192 31.70 13.94 —57.26 —-10.13

@b¢ See legend to Table 4.
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Fig. 4. Plot of log X, versus the total lipid concentration, L, at 37°C. System 1 (Scale I): ®, no NaCl; ©, 0.1
M NaCl. System 2 (Scale 1I): A, no NaCl; A, 0.1 M NaCl.

ate, salicylate, and acetyl salicylate salts were observed  than phthalate. We anticipated expanded mixed micelle

in System 2: cholesterol solubility increased almost lin-  formation which made room for more cholesterol. The
early with the salt concentration. Although their indi-  distribution of the salts between the aqueous and the
vidual effects were comparable, salicylate and acetyl sa-  micellar phases determined the final mixed micellar

licylate, on a relative basis, solubilized more cholesterol ~ composition, and in such a comparison salicylates sur-
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Fig. 5. Plot of SDS/C versus TX/C at 37°C. Curve 1, no NaCl; curve 2, 0.1 M NaCl (cf. equation 3).
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Fig. 6. Plot of CTAB/C versus TX/C at 37°C. Curve 1, no NaCl; curve 2, 0.1 M NaCl (cf. equation 4).

passed the phthalate, as less lipid solubility was observed
in presence of the latter. The significant role of the
phenyl ring was envisaged by the equal effects of salic-
ylate and the acetyl salicylate, although the latter con-
tained an extra hydrophobic (micellophilic) group. The
minor effect of the aliphatic salt, Na-citrate (actually a
decreasing effect was observed in line with the action
of NaCl) further supported the special role of the phenyl
ring. The charge repulsion between SDS and salicylate
anions countered the phenyl ring-induced modified
mixed micellization resulting in less cholesterol solubil-
ity in System 1. But the effects were comparatively
greater than NaCl, thus the aromatic salts are better
cholesterol solubilizers also in this system.

The effects of the dyes (acridine orange (cationic) and
disulphine blue (anionic)) on the cholesterol solubility
in Systems 1 and 2 were dependent on the presence and
absence of NaCl. The effects of the dyes at low con-
centrations (0.01-10 mM) are in favor of positive actions
of minor components towards cholesterol solubility; this
may have relevance to its solubility in bile (a mixed
micellar system) where the dye bilirubin is normally
present as a minor component.

Carey (16) has recently stressed the imporwance of
the total lipid concentration on the cholesterol solubility
in artificial and normal bile systems. In Fig. 4, we have
shown that cholesterol solubility varies curvilinearly
with the total lipid concentration for both the systems.
When moles of SDS per mole of solubilized cholesterol

1288  Journal of Lipid Research Volume 24, 1983

was plotted against moles of TX per mole of solubilized
cholesterol, linearity was obtained with good correla-
tion. The results are shown in Fig. 5 and Fig. 6. For a

BS = bilesalt
L = lecithin
16
12+
BS
c 8
4»—

-4+

BS L
Fig. 7. Plotof ¢ versus - for hepatic biles. Curves: A, patients with

gallstones; B, control subjects without gallstones. Correlation coeffi-
cients: A, 0.9172; B, 0.9313.
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mere comparison with another mixed micellar system,
results on hepatic bile (with and without gallstones (16))
are also included in Fig. 7. The observed linear relations
are the following.

System 1
No NaCl:
SDS

< - 0.1231(%)5) +15.98; r=0.9697. 3a)

0.1 M NaCl:

SD
TS = 0.3224(%) + 5.787; r=0.9572. 3b)

System 2
No NaCl:

CATB TX

= 0.4886(—C-) —5.753; r=0.9957. 4a)

0.1 M NaCl:
CATB

= 0.3240(%—) —4.258; r=0.9976. 4b)

The two systems yielded opposite intercepts.

The free energy of transfer of cholesterol from water
into the mixed micellar solutions was negative. At equal
solubilities, the total lipid concentrations were greater
in System 1 than in System 2. The AG§—y values are
presented in Tables 4 and 5 with the total lipid con-
centrations. They were mainly calculated from the sol-
ubility data presented in Tables 2 and 3. Although the
free energies of transfer, AG§— for both the systems
were close, AH3— ) and ASg— significantly varied, one
compensating the other. In System 1, the enthalpies
were negative (exothermic process), while those in Sys-
tem 2 were positive (endothermic process). The entropy
values were much less negative in the second system
than in the first. System 1 became ordered through lib-
eration of heat and production of large negative en-
tropy; System 2 absorbed heat and became less ordered
producing low negative entropy. The counter cation
Na* in System 1 is known to be a water structure pro-
moter, while the counter anion Br™ in System 2 is a
structure breaker (20). To bring cholesterol from an
aqueous milieu to the mixed micellar core, its environ-
mental structure has to be disrupted. This disrupted
structure was more prevalent in System 1 than in System
2, and the solubility in the latter was therefore higher.

40

30 o

201

Te =315-6°K

|

o

L
o
T

(<]
AHs oM, kI mol™!
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Fig. 8. Enthalpy-entropy compensation plot. System 1: @, no NaCl; @, 0.1 M NaCl. System 2: ®, no. NaCl;
@, 0.1 M NaCl. Correlation coefficient, 0.9924; compensation temperature (T,), 315.6°K.
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Higher entropy of solubilization also supported more
spontaneity of the process in the second system. The
AHg—y and ASg—y, were found to more or less exactly
compensate each other. A linear regression line of such
a compensation is presented in Fig. 8. The compensation
temperature (T.) was 315.6°K (the experimental tem-
perature was 310°K). Like many kinetic and equilibrium
systems (21, 22), such compensation has been observed
also in micellar media (23, 24). Identical compensation
behavior of both the mixed micellar systems 1 and 2
spoke in favor of overall order-disorder controlled cho-
lesterol dissolution. The explanation given above is a sim-
plified version of a complex situation. Other factors, such
as local dielectric, specific interaction, micellar volume,
etc., may have their roles in the process of solubilization.
CTAB having longer chain length than SDS is expected
to have a larger nonpolar micellar core and on a relative
basis may also solubilize more cholesterol than the SDS
micelles. The present knowledge is not sufficient to un-
derstand the individual roles of all these factors. Further
discussion and comment must be kept pending until fur-
ther work is done.B

One of us (S.P.) is thankful to the University Grants Com-
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