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Background: Bile salts are steroidal biosurfactants. Micellar systems of bile salts are not only important for solu-
bilization of cholesterol, but they also interact with certain drugs thus changing their bioavailability.
Methods: The number-average aggregation numbers (1) are determined using the Moroi-Matsuoka-Sugioka
thermodynamic method. Critical micellar concentrations were determined by spectrofluorometric method
using pyren and by surface tension measurements.
Results: Micelles of ethylidene derivatives possess the following values for n: 7-Eth-D (n = 11 (50 mM)-n = 14.8
(100 mM)); 12-0x-7-Eth-L (n~8.8, without concentration dependence) and 7,12-diOx-3-Eth-Ch (n=~2.9, with-
out concentration dependence). In the planes n-In k and In CMC-In k derivative 7-Eth-D is outlier in respect to
hydrophobic linear congeneric groups.
Conclusion: Gibbs energy of formation for 7-Eth-D anion micelles in addition to the Gibbs energy of hydrophobic
interactions consists excess Gibbs energy (GF) from hydrogen bond formation between building blocks of mi-
celles. Gibbs energy of formation for 7,12-diOx-3-Eth-Ch and 12-0x-7-Eth-L anion micelle is determined by
the Gibbs energy of hydrophobic interactions. Relative increase in hydrophobicity and aggregation number for
ethylidene derivatives is larger when ethylidene group is introduced from the C7 lateral side of steroidal skeleton
then it is when ethylidene group is on C3 carbon.
General significance: Position of outlier towards hydrophobic congeneric groups from n-In k and In CMC-In k
planes indicates the existence of excess Gibbs energy (GF) which is not of hydrophobic nature (formation of hy-
drogen bonds). For the bile salt micelles to have GF (formation of secondary micelles) it is necessary that steroidal
skeleton possesses C3-a-(e)-OH and C12-a-(a)-OH groups.

© 2015 Elsevier B.V. All rights reserved.

1. Introductions

above critical micellar concentration (CMC) form relatively small micelles
with low aggregation number from 2 to 15 [8-10].

Bile salts are steroidal amphiphilic compounds synthesized in liver
of vertebrates [1-3]. Conventional surfactants possess hydrophobic
conformationally flexible tail and hydrophilic head (ionic or with polar
groups), while bile salts possess two different surfaces of steroidal skele-
ton [4-6]. Convex side (> side) of steroidal skeleton with angular methyl
groups is hydrophobic side, concave side (o side), on the other hand, with
axial OH groups is hydrophilic. Because of the cis fusion between A and B
rings o equatorial OH group on C3 carbon is parallel to angular methyl
groups as « axial OH groups from B and C rings are [5,7]. Bile salts
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In biological systems, effects of bile salts are based on their surface
activity (formation of micelles, mixed micelles with phospholipids,
solubilization of cholesterol, solubilization and emulgation of lipid
components of food) [11-13] or on their regulatory potential towards
some enzymatic reactions and transport processes through binding to
proteins (farnesoid X (FXR); G-protein-coupled receptors (GPCRs);
TGR5 (GPBAR1, M-BAR and BG37); large conductance Ca®"-activated
K™ channel (BKc,), etc.) [1,14-16]. This gave rise to the increasing ap-
plication of bile acid derivatives as therapeutics in metabolic disorders
[17-29].

Usually more hydrophobic bile salts have higher promotional action
on transport (generally on bioavailability) of a certain drug, however,
with increasing hydrophobicity of steroidal skeleton grows the mem-
brane toxicity [30-33]. The oxo derivatives of bile salts, which are
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obtained by oxidation of OH groups with the usual position on the
steroidal skeleton, are less membranotoxic [32,33]. Also, micelles
of bile salts with oxo groups can bind appropriate drug in the micellar
phase (e.g., morphine hydrochloride, which thus becomes more hydro-
phobic and stays longer in the cell), because of that in the past fifteen
years pharmaceutical and pharmacological application of oxo derivatives
of bile salts is investigated [1,12,34,35].

In general, the main problem with biopharmaceutical application
of bile salts is that they form small micelles (only a few building
blocks). Especially oxo bile acid anions form micelles consisting of
2 to 6 building blocks [9,10]. Therefore there is a need to increase
hydrophobic phase of bile salt aggregate since this increases their
capacity to accept hydrophobic guest molecules. This can be achieved
by using binary mixtures of surfactants (bile salt and conventional
surfactant) [4,36,37] or by subtle increase of steroidal skeleton
hydrophobicity in oxo derivatives, whereby membrane toxicity
should not be larger than membrane toxicity of deoxycholic and
chenodeoxycholic acid salts [38].

The aim of this work is to determine the parameters of micellization
(aggregation number and CMC) for sodium salts of new bile acid ethyl-
idene derivatives (Fig. 1): 3(EZ)-ethylidene-7,12-dioxo-5(-cholanoic
acid (7,12-di0x-3-Eth-Ch) (1); 3a-hydroxy-12-oxo-7(E)-ethylidene-
5R-cholanoic acid (12-0x-7-Eth-L) (2); and 3a,12a-dihydroxy-7(E)-
ethylidene-53-cholanoic acid (7-Eth-D) (3) [38]. Furthermore, the aim
is to determine the impact of the relative position of an ethylidene
group in terms of increasing the hydrophobicity and the aggregation
number. In this paper ethylidene derivatives were examined in a set
of bile acids with OH and oxo group in steroidal skeleton (7,12-dioxo-
5B-cholanoic acid (7,12-diOx-Ch) (4); 3a-hydroxy-12-oxo-503-
cholanoic acid (12-oxolithocholic acid, 12-0x-L) (5); chenodeoxycholic
acid (CD) (6) and cholic acid (7); Fig. 1) in order to indirectly determine,
on the basis of thermodynamical and chemometrical analysis (excess
Gibbs energy to Gibbs energy of hydrophobic interactions, outlier and
influential observations [39]), the presence of hydrogen bonding in
their micelles relative to micelles of derivatives from hydrophobic linear
congeneric group [10].
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2. Materials and methods

2.1. Synthesis of oxo derivatives of cholic, deoxycholic and chenodeoxycholic
acids

Cholic, deoxycholic and chenodeoxycholic acids (Sigma, New
Zealand) were used as starting compounds for the synthesis of
their oxo derivatives.

3a-Hydroxy-12-oxo0-5B3-cholanoic acid (12-0x-L) was prepared ac-
cording to the procedure of Miljkovi¢ et al. [40]. 7,12-Dioxo-53-cholanoic
acid (7,12-diOx-Ch) was prepared by selective oxidation (Ag,COs/celite)
of cholic acid methyl esters C3-OH group according to the method of
Tsreng [41]. The obtained C3-oxo derivative was reduced in the Wolff-
Kishner's reaction, and finally the obtained 7,12-dihydroxy derivative is
oxidized according to Fieser and Rajagopalan [42]. Ethylidene derivatives
(Fig. 1; 7,12-diOx-3-Eth-Ch; 12-0Ox-7-Eth-L; 7-Eth-D) were obtained in
the Wittig reaction of the suitable keto derivatives of cholic acid [38].

2.2. Determination of average aggregation numbers by the
Moroi-Matsuoka-Sugioka method

Solid bile acid was suspended in a distilled water by stirring on a
magnetic stirrer, and an increment of NaOH solution was added with
the aid of microsyringe. In this way the total concentration of the bile
acid anion (monomer) is regulated. After the 24-hour equilibration,
the pH of the clear solution was measured (Boeco BT600) without sep-
aration of the solid phase, and taking care not to disturb it [43,44]. This
gave one point on the titration curve and the procedure was repeated to
obtain about 20 points, of which at least 5 in the micellar region. Mea-
surements were performed at room temperature. For each point on
the titration curve the standard deviation did not exceed 3% (n = 5).

2.3. Spectrofluorimetric measurements of CMC

Fluorescence measurements were carried out using Agilent
Cary Eclipse Fluorescence Spectrophotometer. Pyrene was used as
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Fig. 1. Examined bile acids.
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a fluorescence probe molecule. All solutions of bile salts were pre-
pared using pyrene saturated water. Fluorescence emission spectra
of these solutions were recorded employing an excitation wave-
length of 334 nm.

The intensities of first (I;) and third (I5) vibrational bands of pyrene
emission spectrum were measured at 373 and 384 nm respectively. The
I,/I5 ratio was monitored as a function of total bile salts concentration at
25 °C. The errors in determination of the CMC values are estimated to be
less than 5% (n = 5).

2.4. Surface tension measurements of CMC

The CMC values of the studied surfactants were also determined by
surface tension measurements on a Sigma 703D tensiometer using the
du Nouy ring method. All measurements were repeated three times at
25 4 0.1 °C. The CMC determination error did not exceed 3%.

2.5. Reverse phase HPLC method

The HPLC system Agilent 1100 Series, equipped with degasser,
binary pump, automatic injector and DAD detector with software
system for data processing AgilentChemStation was used and the
analyses were performed on a reversed-phase C-18 column: Eclipse
Plus C18 (250 mm x 3 mm, 5 pum, 250 A) column (Zorbax SD). The
mobile phase was 0.01 M phosphate buffer:methanol = 70:125 v/v
maintained at pH 7 and the injection loop was 10 pL. Solutions of bile
acids and their derivatives in mobile phase were prepared in concentra-
tion of 1 mg/mL. All separations were performed isocratically at a flow
rate of 1 mL/min and a column temperature changing from 25 + 0.1 °C.
The detection was performed at 210 nm.

The HPLC capacity factor (k) was calculated from the eluted peak re-
tention time (t):

k:%, (M

where t, and ty are the retention times of the bile acids and the
unretained solvent front respectively. Trials were repeated (n = 5) for
reproducibility, variance in data indicated 4 3% error.

3. Results and discussions

In the literature, for the association of bile salts — formation of mi-
celles — is widely accepted multiple association model [13,43-46]
which can be modeled by a single-phase process if the micelles appear
to the average aggregation number. So the building blocks bile acid
salts are connected via convex plane of the molecule, according to
Small-Kavamura model these are primary micelles with relatively
small aggregation number (2-10) [3,48]. At higher concentrations
than the CMC, Small's model predicts formation of secondary micelles
by hydrogen bonding between primary micelles [3,8-10]. Molecular dy-
namic (MD) simulations confirm the importance of hydrophobic inter-
actions in the association of bile salts, and the formation of secondary
micelles. However, unlike the classical Small's primary micelle arising
solely as a result of hydrophobic interactions, according to the MD sim-
ulations hydrogen bonds are possible in small aggregates but hydropho-
bic interaction remains a main driving force [49-52]. Modeling of
critical micellar concentration for bile salts with retention parameters
of reverse phase high performance liquid chromatography also con-
firms the importance of hydrophobic interactions in bile salts micelles
[53-56].

If we considered that bile acids (ions) bind to the hydrophobic
stationary phase over their 3 side of steroid skeleton [6,57], then stan-
dard Gibbs energy of micelle formation (AGf;) (determined by hydro-
phobic interactions as main driving force) and standard Gibbs energy
of bile acid adsorption on hydrophobic stationary phase (AGY) can be

connected in equation: AGf; = bAGS, where b is constant of proportion-
ality. For constant of proportionality b in certain congeneric group
(LKG — j) next relation should be satisfied (Appendix A):

AGy (i) = bidGy (R) ke

g b. = i+ _:: ViELKG—j
Aps(Dixo—j = TifAns (R)ke—j } i = o i+ Puco-— J

(2)

where R means referent molecule that could be whatever molecule
from the linear congeneric group LKG — j, Ay is hydrophobic surface
of the molecule. Taking into account the relation: AG{(i)ixc — i=
biAGR(R) ke — jand the thermodynamic condition for equilibrium in
the formation of bile salts (BS) micelles with average aggregation num-
ber 7i: iBS = (BS)5, following equations, that are describing hydropho-
bic linear congeneric groups in 7-In k and In CMC-In k planes, can be
obtained [10] (Appendices A and B):

Ink = const.— ]ngMCﬁ

3)
Ink = const.—g InCMC, (4)

where InCMC presents the mean value of critical micelle concentration

in LKG — j, and 7 represents the mean value of number average aggre-
gation number also in LKG — j. Values of critical micellar concentration
(CMC), number average aggregation numbers (1) and logarithmic
values of retention coefficients (In k) which were used to determine
the affiliation of examined compounds to the linear congeneric groups
(Egs. (3) and (4)) are shown in Table 1. Based on our previous work
(principal component analysis (PCA) and biplot of retention coefficients
on different temperatures) ethylidene derivatives 7,12-diOx-3-Eth-Ch
(1); 12-0x-7-Eth-L (2); and 7-Eth-D (3), form a joint congeneric
group with OH and oxo bile acid derivatives [38]. Therefore, for analysis
of bile acid affiliation to some linear congeneric groups (3 and 4) reten-
tion coefficient can be used according to Eq. (1).

In the plane n-In k (Fig. 2) ethylidene derivatives 7,12-diOx-3-Eth-Ch
(1) and 12-0Ox-7-Eth-L (2) form hydrophobic linear congeneric group
with CD (6); 7,12-diOx-Ch (4) and 12-Ox-L (5) molecules:

i = —3.319(0.636) + 6.244(:0.404) Ink, (5)
N=5; R=0994; F=23858; and sd = 0.426.

This indicates that the formation of micelles of a bile acid anions
7,12-diOx-3-Eth-Ch (1); 12-Ox-7-Eth-L (2); CD (6); 7,12-diOx-Ch (4)
and 12-0x-L (5) is determined by hydrophobic interactions, i.e., the
building blocks of micelles are in contact with each other through the
-sides of steroidal skeleton. Between the elements of the linear conge-
neric group (5) (Fig. 2) derivatives 7,12-diOx-Ch (4) and 7,12-diOx-3-

Table 1
Hydrophobicity (In k), number average aggregation number at 80 mM of total bile salt
concentration and critical micellar concentration.

Bile acids Ink n CMC
a b

12-0x-L 1.61 6.8 21.5 20.1
12-0x-7-Eth-L 1.87 8.9 8.5 7.8
7,12-diOx-Ch 0.91 2.4 68.0 61.0
7,12-diOx-3-Eth-Ch 1.01 2.8 52.0 49.0
7-Eth-D 2.18 13.2 3.2 2.9
D 2.11 9.4 5.8 5.5
C 1.74 12 9.1 8.8

a = spectrofluorimetric measurements of CMC.
b = surface tension measurements of CMC.
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Fig. 2. Linear dependence between 1 and In k (I), molecules: C (7) and 7-Eth-D (3) (out-
liers) have higher values of n1 than it would be expected from their hydrophobicity.

Eth-Ch (1) are closest to each other. Low aggregation number of their
micelles and high CMC values (Table 1) can be explained by the position
and orientation of the oxo group in steroidal skeleton. Namely, oxida-
tion converts o axial (a) OH group to an pseudo-a oxo group which is
moved for 60° to the 3-side of steroidal skeleton relative to the orienta-
tion of the a-(a)-OH group in corresponding Newman projection formula

(€)'
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(i.e., obtained oxo group makes 30° angle with steroid skeleton mean
plane (SSMP)) [5,32,33]. Oxo group shift towards convex plane of the ste-
roidal skeleton (-side, i.e., hydrophobic surface of the molecule) enables
hydrogen bond formation with water molecules from the hydration layer
on the steroidal skeleton 3-side. Therefore, tendency of dehydration of
the 3-side of the steroidal skeleton is reduced in the micelles formation.
Namely, during micelle formation, water molecules, which are not hydro-
gen bonded to the polar groups of the surfactant molecule, are moved into
the bulk solution. Thus, with the increase of the number of water mole-
cules which are hydrogen-bonded to the oxo group/groups, tendency of
bile acid anions towards the formation of micelles decreases [6]. However,
as the two oxo groups on C7 and C12 carbon atoms are in mutual trans-
position (opposite orientation) continuance of hydrophobic surfaces on
the B-side of steroidal skeleton is disrupted on 2/3 of the surface (starting
from A ring). Because of that the compact hydrophobic surface of the ste-
roidal skeleton convex plane is divided into two parts. Reference element
for determination of cis/trans relation is (C,)! axis of the SG subgraph
(Fig. 3). The line that connects nuclei of two oxygen atoms from C7 and
C12 oxo groups makes angle with (C,)! axis that is closest to the right
angle taking into account another possible trans-orientations of oxo
groups from A, B and C rings of steroidal skeleton. In the same time on
the a-side of steroidal skeleton the distance between oxygen atoms of
two pseudo-equatorial oxo groups is longer than the distance between
axial oriented oxygen atoms (Fig. 3). The result of this is a “hydrophobic

577 A

Fig. 3. Trans relationship between oxo groups on C7 and C12 in respect to the (C)" axis of subgraph SG and « equatorial position are resulting in disruption of continuance in hydrophobic
and hydrophilic surface of the steroidal skeleton — decrease of the biplanar amphiphility (SWM = stabilized water molecules, SSMP = steroid skeleton mean plane, HI = hydrophobic

island).
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island” — continuance of hydrophilic surface on concave side of the mol-
ecule is disrupted [12]. According to Roda et al. existence of continuous
hydrophobic and hydrophilic surfaces is the key structural feature of the
bile salt aggregation [2]. So in 7,12-diOx-Ch (4) and 7,12-diOx-3-Eth-Ch
(1) anions ability to form micelles and biplanar amphiphility is decreased
due to disruption in the continuity of hydrophobic and hydrophilic
surfaces. Micelles of 3,12-dioxo-5R3-cholanoic acid and 3,7-dioxo-503-
cholanoic acid anions have a number average aggregation numbers 4.16
and 4.72 [10], which are almost 2 times higher than the number average
numbers of 7,12-diOx-Ch (4) (constitutional isomer) and ethylidene
derivative 7,12-diOx-3-Eth-Ch (1) micelles. However, oxo groups of
3,12-dioxo-5B3-cholanoic acid and 3,7-dioxo-5[3-cholanoic acid are not
in trans-position in respect to (C,)" axis of the SG subgraph (Fig. 3), there-
fore the continuance of the hydrophobic surface on the 3-side of the ste-
roidal skeleton is to a lesser extent disturbed — it is not halved.

Relative increase in hydrophobicity (In k) and aggregation number
of bile acid anion micelle is larger when ethylidene group is introduced
at C7 position of steroidal skeleton than it is when ethylidene group is
introduced at C3 position (Fig. 4). In primary micelle (Fig. 5A) building

Q

HO™

blocks are oriented so that the hydrophobic 3-side of the steroidal skel-
eton is hydrated as little as possible, and that the carboxylate groups are
as far as possible from each other. Due to the curvature of 3-side of the
steroidal skeleton part of the A ring is still hydrated in micellar phase
(Fig. 5A). This is proven by measurements of demicellization heat ca-
pacity for bile salts [47]. If the ethylidene group is introduced in C7 po-
sition of the steroidal skeleton (B ring) then in bile acid anions primary
micelle the building units hydrophobic surface (3-sides) is greater
sheltered from the hydration, since B ring fully participates in the over-
lapping of convex surfaces (Fig. 5B). While an ethylidene group at posi-
tion C3 does not provide a significant contribution to the increase in the
area that is sheltered from the hydration (screened) in dimeric primary
micelles (Fig. 5C), a certain increase of the screened surface of the
convex side of molecules is possible when the aggregation number of
micelles is 3 or 4.

Molecules 7-Eth-D (3) and C (7) in the plane n1-In k to the hydro-
phobic linear congeneric group I (Fig. 2) are outliers, which means
that in 7-Eth-D (3) and C (7) micelles there is, in addition to hydropho-
bic interactions, an additional interaction — excess Gibbs energy (GF)

HOY

Fig. 4. Relative change in hydrophobicity (In k) and aggregation number.
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Fig. 5. Overlapping of the convex planes (B-sides) in formation of dimeric primary micelles of the bile acid anions (lattice shows effective overlapping of the convex surfaces i. e. surfaces

that are screened from hydration).

which may occur due to hydrogen bond formation i.e., building of sec-
ondary micelles. Specifically for the molecules 7-Eth-D (3) and C (7) is
valid (Appendix A and B):

AGIOVI(U)LKG—]' = buAG,? (R)ike—j + ¢t

by #& kT + s 6
Aug (s = Ty R } R

i.e., the Gibbs energy of micelle formation is larger (more negative) than
it would be expected based on the hydrophobic surfaces of 7-Eth-D (3)
and C (7) molecules.

7,12-diOx-3-Eth-Ch (1)

12-Ox-7-Eth-L (2)
(@]

[ ]
7-Eth-D (3)

0.8 1 1.2 14 1.6 1.8 2 22 24
Ink

Fig. 6. Linear dependence between In CMC and In k (II), molecule 7-Eth-D (3) (outlier)
have higher values of CMC than it would be expected from their hydrophobicity.

In the plane In CMC-In k (Fig. 6) bile acid anions 7,12-diOx-3-Eth-Ch
(1); 12-0Ox-7-Eth-L (2); CD (6); C (7); 7,12-diOx-Ch (4) and 12-0x-L (5)
are forming hydrophobic linear congeneric group:

INCMC = —1.988(:0.116) + 6.006(=-0.186) Ink, (7)
N=6; R=0993; F=293.216; and sd = 0.125

while derivative 7-Eth-D (3) is outlier. Near critical micellar concentra-
tion micelles with small aggregation number are formed. It was found
that dimeric micelles (Fig. 5) play a key role during the micellization
[58]. Accordingly, in the vicinity of the CMC resulting micelles are deter-
mined by hydrophobic interactions, hence holds the relation (2). In de-
rivative 7-Eth-D (3) biplanar amphiphilicity is disrupted because there
are C3-0H, C12-OH and carboxylate group on the molecules common
edge — hydrophilic edge (Fig. 6). This structure increases the affinity
of 7-Eth-D molecules towards micelle formation resulting in low CMC
value (Table 1). Because of that 7-Eth-D anions probably build micelles
of Kawamura type — hydrophobic parts of the molecule i.e., 3-side and
most of the a-side of the steroidal skeleton are forming interior of the
cylindrical micelle, while hydrophilic edge of the steroidal skeleton is on
the mantle of cylinder, and the carboxylate groups are located alternately
on the two bases of the cylinder [48]. The behavior of 7-Eth-D (3) mole-
cules according to relation (6) in the plane In CMC-In k (Fig. 6) means
that even at the critical micellar concentration there is an excess Gibbs en-
ergy relative to the Gibbs energy of hydrophobic interactions in micelles
of 7-Eth-D (3) anions. GF exists probably due to the formation of hydrogen
bonds between the cylindrical Kawamura-type micelles.

Pyrene (probe molecule) enters the hydrophobic domain of the
micelles resulting in a decrease in the fluorescence intensity of its first
and third vibrational band ratio (I,/I3) values. Zana and Guveli [59] con-
cluded, by comparing magnitude of (I,/I3) values decrease and half-life
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Fig. 7. Change in the (I;/I5) ratio depending on the total concentration of the bile acid salt
(filled dots: 7-Eth-D (3); empty dots: 12-0Ox-7-Eth-L (2)).

of micellary solubilized pyren for conventional surfactant micelles and
for bile salt micelles, that in bile acid anion micelles pyren is placed be-
tween the convex planes of steroidal skeleton. Also, pyren is not staying
inside micelle for a long time, but in the course of its micellar phase half-
life (order of a microsecond) it enters inside many micelles and because
of that pyren does not disturb the structure of the micelles much. That
makes pyren a good probe molecule [60,61]. Curve of change in (I;/I3)
values as a function of total bile salt concentration (c) (Fig. 7) for 7-
Eth-D (3) possess sharp change below critical micellar concentration,
while the same function (I1/Is = f(c)) for 12-0x-7-Eth-L (2) (Fig. 7)
and 7,12-diOx-3-Eth-Ch (1) (Fig. 8) micellization has a stretched
change. This means that in 12-Ox-7-Eth-L (2) and 7,12-diOx-3-Eth-Ch
(1) micelles aggregate size gradually increases in a relatively wide con-
centration range, while in 7-Eth-D (3) micelles association is finished in
relatively short concentration interval — characteristics of I;/Is = f(c)
function near the formation of thermodynamically stable micelles [3,
44,46]. From this data (Figs. 7 and 8) it could not be determined wheth-
er the thermodynamically stable micelles are formed due to hydrophobic
interactions or by hydrogen bonds. However, exclusion the 7-Eth-D (3)
derivative from hydrophobic linear congeneric groups in planes n-In k
and In CMC-In k (Figs. 2 and 6) indicates that standard Gibbs energy of
formation for micelles is not determined only with hydrophobic interac-
tions but also with excess Gibbs energy which is not of hydrophobic na-
ture. This excess Gibbs energy most likely originates from the formation
of hydrogen bond bridges between the micelle building units.

Critical micellar concentrations determined by spectrofluorimetric
method (probe molecule: pyrene) are showing good correlation (R*> =
0.9989; Table 1) with CMC values which are determined by surface ten-
sion measurement. This means that identical patterns of objects (mole-
cules) are obtained whether the hydrophobic linear congeneric group in

1.8
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1.4
12
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0.4

0.2

CMC
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Fig. 8. Change in the (I,/I5) ratio depending on the total concentration of the bile acid salt
7,12-diOx-3-Eth-Ch (1).

In CMC-In k plane is described by spectrofluorimetric CMC value or by
tensiometric CMC value. Tensiometric CMC values are somewhat lower
than the spectrofluorimetric CMC values. This is probably due to the fact
that when the surface of water solution-air interface is saturated (tensio-
metric CMC value) aggregates in the bulk solution are still not formed.
They are formed at slightly higher total concentration of the surfactant
(4-5%) (Table 1).

In derivatives 7,12-diOx-3-Eth-Ch (1); 12-Ox-7-Eth-L (2); CD (6);
7,12-diOx-Ch (4) and 12-0x-L (5) the number average aggregation
number shows no dependence on the total bile salt concentration
(Fig. 9). That means that the maximum number of building blocks
which gives maximum screening from hydration of hydrophobic sur-
face of the molecule for a given packing has been reached. Further intro-
duction of building blocks (increasing of the aggregation number)
would lead to partial hydration of the convex surface of the steroidal
skeleton. Micelles of derivatives C (7) and 7-Eth-D (3) above the critical
micellar concentration showed an increase in the aggregation number
with increasing total concentration of bile salts (Fig. 9), which is probably
due to the formation of secondary micelles by hydrogen bond connecting
of primary micelles. Santhanalakshmi et al. using the small-angle neutron
scattering experiment, made a conclusion that enlargement of rod-like
primary micelle of sodium cholate above CMC is possible in both y axis
direction (hydrophobic direction) and x axis direction (formation of sec-
ondary micelles by hydrogen bonding) (Fig. 10A) [62]. In our previous
work it was found that anions of cholic acid, 7-oxo-deoxycholic acid
and hyodeoxycholic acid are excluded from hydrophobic linear congener-
ic group inn-In k plane [10]. While in this study it was found that a deriv-
ative 7-Eth-D (3) also builds micelles with an excess Gibbs energy to the
hydrophobic Gibbs energy of micellization — building of secondary mi-
celles. The presence of OH groups in C3 and C12 positions of the steroidal
skeleton is common for these bile acids, therefore, association of primary
micelles to secondary micelles likely occurs via the C3-a-(e)-OH, and
C12-0-(a)-OH group (Fig. 10A). Presence of the OH group in position 7
of the steroidal skeleton seems to give no contribution in primary micelles
association. Namely, in subgraph SG (Fig. 3) C7 carbon and D ring are cis to
each other, therefore C7-a-(a)-OH group is sterically hindered by D ring
[10], because of that association from the a-side of steroidal skeleton is
difficult via this OH group (Fig. 10B). Probably hydrogen bond formation
via C3-OH group is not sufficient for the formation of secondary micelles,
two hydrogen bonds are needed between primary micelles.

4. Conclusion

For ethylidene derivative 7-Eth-D (3) function I/l = f(c) possesses
sharp change when concentration (c) is near CMC value. The number
average aggregation number of 7-Eth-D (3) micelle above CMC (con-
centration range 50 mM-100 mM) increases from 11 to 14.8. Respective

o 16
=
g 14 o)
g o) O e
5 12 s * * 07-Eth-D (3)
g 10
) oC(7
2 @ d PP e )
:.2 8 OcD (6)
6| XX x X X12-0x-L (5)
S . ©7,12-di0Ox-Ch (4)
«®
5, @ @8 8 07,12-diOx-3-Eth-Ch (1)
£ ©12-0x-7-Eth-L (2)
Z 0
40 70 100 130

¢ [mM]

Fig. 9. Dependence of the number average aggregation number on the total concentration
of bile acid anion at 298 K.
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steric e.

Fig. 10. Secondary micelle formation (PM = primary micelle, SM = secondary micelle, steric e. = steric ecraning).

I1/Is = f(c) functions of ethylidene derivatives 12-Ox-7-Eth-L (2) and
7,12-di0x-3-Eth-Ch (1) near CMC have stretched changes. Above criti-
cal micellar concentration aggregation number (concentration range
50 mM-140 mM) of 12-0x-7-Eth-L (2) (1~8.8) and 7,12-diOx-3-Eth-
Ch (1) (n=2.9) does not show concentration dependence. In the planes
n-In k and In CMC-In k molecules 12-0Ox-7-Eth-L (2) and 7,12-diOx-3-
Eth-Ch (1) are included into the hydrophobic linear congeneric group,
while 7-Eth-D (3) molecule is an outlier. This means that Gibbs energy
of formation for 7-Eth-D (3) anion micelles is determined in addition to
the Gibbs energy of hydrophobic interactions by excess Gibbs energy
which probably originates from hydrogen bond energy in secondary
micelle formation. C (7) is outlier in the n-In k plane, however it is
included in to the hydrophobic linear congeneric group in In CMC-In k
plane — micelles of anion C (7) are determined by hydrophobic inter-
actions on critical micellar concentration, only when concentration is
above CMC anions C (7) are forming micelles with excess Gibbs energy
i.e., with hydrogen bonds. The fact that 7-Eth-D (3) is an outlier (unlike
C) to the hydrophobic linear congeneric group in the plane In CMC-In k
suggests that already at its critical micellar concentration in addition to
the hydrophobic interaction 7-Eth-D (3) micelle includes a hydrogen
bond.
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