
Chemical Physics Letters 664 (2016) 16–22
Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/locate /cplet t
Research paper
Self-assembly of micelles in organic solutions of lecithin and bile salt:
Mesoscale computer simulation
http://dx.doi.org/10.1016/j.cplett.2016.09.078
0009-2614/� 2016 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: markina@polly.phys.msu.ru (A. Markina).
A. Markina a,⇑, V. Ivanov a, P. Komarov b,c, A. Khokhlov a, S.-H. Tung d

aMoscow State University, Moscow 119991, Russian Federation
b Institute of Organoelement Compounds RAS, Moscow 119991, Russian Federation
c Tver State University, Tver 170100, Russian Federation
dNational Taiwan University, Taipei 10617, Taiwan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 13 June 2016
In final form 30 September 2016
Available online 5 October 2016

Keywords:
Mesoscale computer simulations
Biological surfactants
Self-assembly
Wormlike micelles
We propose a coarse-grained model for studying the effects of adding bile salt to lecithin organosols by
means of computer simulation. This model allows us to reveal the mechanisms of experimentally
observed increasing of viscosity upon increasing the bile salt concentration. We show that increasing
the bile salt to lecithin molar ratio induces the growth of elongated micelles of ellipsoidal and cylindrical
shape due to incorporation of disklike bile salt molecules. These wormlike micelles can entangle into
transient network displaying perceptible viscoelastic properties.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

There are two main classes of biological surfactants: phospho-
lipids and bile salts. Phospholipids are a major component of cell
membranes and bile acids play an important role in several phys-
iological processes, such as removal of excess cholesterol, fat emul-
sification and solubilization of lipids in the bowel [1–7]. A typical
representative of phospholipids is phosphatidylcholine, a zwitteri-
onic surfactant, with polar groups and two hydrocarbon chains
(see Fig. 1a). The polar part carries both negative and positive
charges localized on the choline and phosphate groups, respec-
tively. Phospholipids generally self-assemble in organic solvent
into inverted spherical or short cylindrical micelles. Bile acids
and their salts belong to the class of steroids and are often men-
tioned as facial amphiphiles [1–7]. Their molecules are amphiphilic
due to the presence of three fused cyclohexane rings and cyclopen-
tane ring (forming a flat surface) and the polar groups in the a-
position. Bile salt molecules have the Janus-type structure, i.e.,
their structure can be roughly represented as a flat hydrophobic
surface where hydrophilic groups are attached from one side (see
Fig. 1b). Such a structure distinguishes bile salts from other surfac-
tants. Bile salts are insoluble in pure organic solvents, and in aque-
ous solution they form small micelles with low aggregation
number [1–7].
Due to the good biocompatibility, lecithin vesicles prepared in
an aqueous solution, as well as inverted micelles formed in various
organic solvents can be used to deliver a wide class of drugs [7].
Vesicles in pharmacology are used to improve the solubility of
hydrophobic drug molecules, while the inverted micelles serve
for uniform admission and release of drugs within a human body
due to partial crystallization of a micelles surface in an aqueous
environment. Lecithin-based organogels are used for transdermal
drug delivery as topical medication [5–7,8,9].

Self-assembly of biological surfactant has potentially wide
range of practical applications. The lecithin-based organogels
attract much interest due to the good biocompatibility and easy
transformation between organosol and organogel states [10]. The
addition of water is one approach to grow lecithin inverted
micelles. In lecithin-oil-water systems aggregation morphology
depends on the water-to-lipid ratio, chemical structure of organic
solvent [11,12] and temperature in the system [10]. Bile salts
[11] and small polar molecules [13] also can act as gelation agents
[3]. In the last time a large amount of work has been done using
molecular dynamics computer simulations for studying of AOT-
water reverse micelles in organic solvents [14–18] and phos-
phatidylcholine reverse micelles in organic solvents [19,20]. These
studies cover the micelles morphology [14–17], dynamic proper-
ties [18] and effect of hydration [17,19,20]. Our article is focused
on studying morphology of lecithin micelles in organic solvents
where bile salt plays the key role of gelation agent. A trace amount
of water in organic solutions of lecithin cannot be removed by
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Fig. 1. Chemical structure of phosphatidylcholine (a), sodium cholate (b) and solvents: cyclohexane (c) and hexane (d). Dashed lines show hydrophilic parts of
phosphatidylcholine and sodium cholate.
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drying and may serve as relevant control factor in morphological
transitions [10]. However, small amount of water (mole ratio
about 1:1) does not have a significant effect on the self-assembly
of lecithin in oil, the shape of lecithin micelles is nearly spheri-
cal and the viscosity does not increase [11]. Thus, we do not
take into account trace amounts of water in our coarse-grained
model, focusing only on the bile salt effect on the lecithin-oil
mixture.

In the experimental work [11], the zero-shear viscosity of the
lecithin/bile salt mixture in cyclohexane was studied as a function
of the molar ratio of bile salt to lecithin (B0). At low B0 the solution
has low viscosity while at B0 around 0.4 the viscosity increases sig-
nificantly. And finally, when B0 is larger than 0.5, the phase separa-
tion in two coexisting liquid phases takes place. The impact of trace
amount of water on the described effect was excluded. Only the
addition of sufficient amount of bile salt can cause the growing
of micelles. A qualitative explanation of observed phenomena
was given in Ref. [11] on the basis of some simple geometrical
model of wormlike micelles. However, the question about molecu-
lar mechanisms of formation of wormlike micelles still remains
open.

In order to answer this question, we have studied the mor-
phology of the organic solutions (with hexane and cyclohexane
used as solvents) of phosphatidylcholine and sodium cholate by
means of mesoscopic computer simulations based on the dissipa-
tive particle dynamics method [21,22] and on a coarse-grained
model specially developed for this system. In contrast to the ato-
mistic simulations [14–20], our coarse-grained model does not
include specific interactions like hydrogen bonding, but only
purely hydrophobic-hydrophilic interactions. As an alternative, a
specific geometry of molecules in coarse-grained representation
is the key part of our model. For computer simulation of large
micellar systems one certainly needs appropriate mesoscale
coarse-graining scheme [23–30]. Mesoscale simulations save
CPU time due to accelerate equilibration on large scales, and
coarse-grained configurations can be used for reverse mapping
in order to the atomistic length scales where specific interactions
can play a key role [23–30]. Our goal was to build the adequate
coarse-grained mesoscopic model for lecithin-bile-oil mixture
which can reproduce the experimental results [11] at least
qualitatively and give explanation of system self-assembly mech-
anisms. Thus, this work is a theoretical extension of the experi-
mental study [11].
2. Model and simulation technique

The dissipative particle dynamics (DPD) is the mesoscopic com-
puter simulation method for studying structural and rheological
properties of polymer melts and solutions [21,22]. The DPD
method utilizes coarse-grained models and ‘‘soft” potentials of
intermolecular interactions, and that allows selecting a sufficiently
large time step in a difference scheme of Newton’s equations and
enables studying molecular systems on larger spatial (about 10–
1000 nm) and time (about 0.001–1 s) scales as compared to the
atomistic molecular dynamics. This method correctly represents
the hydrodynamic behavior of a system. DPD method is based on
solving Newton’s equations for a model of molecular system con-
structed of spherical particles with diameter r = 1 and mass
mi = 1 [22]:

dri
dt

¼ v i; mi
dvi

dt
¼ f i;

where fi, ri, mi, vi are the net force, coordinate, mass, and velocity of
i-th particle, respectively. Each particle is associated with a group of
small molecules, some fragments of macromolecules, or with a sta-
tistical segment (Kuhn segment). Multicomponent systems can con-
sist of particles of several different types. The particle diameter is a
unit of length scale and corresponds to an average volume Vref of
characteristic system fragments. The net force applied to each par-
ticle consists of five terms:

fi ¼
X
i–j

Fb
ij þ Fa

ij þ Fc
ij þ Fd

ij þ Fr
ij

� �
;

where the summation is performed over all particles within the cut-

off radius rc. The spring force Fb
ij takes into account the covalent

bonds between coarse-grained particles in molecules. Its amplitude
could be written as:

Fb
ij ¼ �Kbðrij � r0Þ;

where the bond stiffness parameter Kb is equal to 4kbT/r2 (T – the
absolute temperature, kB – the Boltzmann constant, in the DPD
method kBT = 1) and r0 is the unperturbed bond length. If the beads

i and j are not connected, then Fb
ij ¼ 0. The elastic force of bond angle

deformation Fa
ij is used to take into account the intramolecular stiff-

ness. The amplitude of Fa
ij is determined as follows:
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Fa
ij ¼ �Ka uijk �u0

� �
;

where the bond angle stiffness parameter Ka is 5kbT/(r � rad), uijk –
the angle between particles i, j and k, u0 – the unperturbed angle
value. The conservative force is the soft core repulsion between
the particles i and j:

Fc
ij ¼

aijð1� rijÞbrij; rij < 1
0; rij > 1

(

br ij ¼ rij=rij ;

where aij is the maximum repulsion force between beads i and j.

The remaining two forces are dissipative force (Fd
ij) which takes into

account the friction of an effective medium, and random force (Fr
ij)

which describes the thermal motion of the system. The system den-
sity was chosen to be equal to q = 3r3 for correct description of the
water isothermal compressibility [22]. For this density value the
parameter aij can be expressed in terms of the Flory-Huggins
parameter as aij = 25 + 3.27vij [22]. The Flory-Huggins parameter
describing the volume interaction between species a and b depends
on the Hildebrand solubility parameter d [31,32]:

vab
Vref da � db

� �2
RT

� vs

where R is the gas constant, vs is the entropic contribution to the
mixing free energy; usually vs � 0 and can be omitted. According
to the Hildebrand theory, mutual solubility of non-electrolytes
increases with decreasing difference between their solubility
parameters [33–35]. The Hildebrand solubility parameter is a
square root of a cohesive energy density:

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DHm � RT

Vm

s
;

where Vm is the system volume and DHm is the heat of vaporization.
Computer simulations have been performed in canonical (NVT)

ensemble for systems consisting of the following molecules: (1)
lecithin (phosphatidylcholine), (2) bile salt (sodium cholate), and
(3) solvent (cyclohexane or hexane). We have developed a
coarse-grained model shown in Fig. 2. When choosing the frag-
ments of molecules and assigning them to different beads (types
of particles), it was important to take into account the proportion
of sizes of lecithin and cholic acid molecules, as well as structural
Fig. 2. The coarse-grained model of the three-component system: (
features of the bile salt molecule, namely its geometrical peculiar-
ities (planar Janus-type structure). Five different coarse-graining
schemes have been tested before we have found an appropriate
model. The selected coarse-grained representation for bile salt
looks like a ‘backless stool’, whose three legs (composed of hydro-
philic groups O(2) and O(3)) are connected to hydrophobic skeleton
and fixed by introducing the potential on the valence angles u and
choosing u0 ¼ 90

�
and Ka = 150. Both lecithin charged groups, cho-

line and phosphate, were combined into a single coarse-grained
polar particle P to maintain the correct balance between the size
of polar and nonpolar groups. The symbols for coarse-grained par-
ticles and corresponding fragments are marked with different color
in Fig. 2, and this color scheme will be used in the snapshots of the
system below.

The Askadskii semi-empirical method was utilized to calculate
the solubility parameters and volumes of molecular fragments,
which correspond to the coarse-grained particles P, O(1), O(2), O(3),
C, W [36]. The obtained values of solubility parameters have been
checked by means of the atomistic molecular dynamics with PCFF
force field [37] which allows to calculate the cohesive energyDHm -
RT. Almost similar values for di have been obtained for all particles
except P and O(3). For these coarse-grained particles the Askadskii
method gives wrong values, because it does not take into account
the contribution of electrostatic interactions to the total energy of a
system. As a result, we have used the values di obtained from the
atomistic molecular dynamics. The characteristics of molecular
fragments are presented in Table 1.

The simulation box of the size Lx � Ly � Lz = 60 � 60 � 60r3

with periodic boundary conditions containing 648,000 (�106) par-
ticles was used, temperature was set to 300 K.
3. Results and discussion

The computer simulation of lecithin and bile salt solutions was
performed for two organic solvents – hexane and cyclohexane. The
effective length of micelles and concentration of surfactant are the
main factors that influence the viscosity of surfactant solutions:

g0 � l3u15=4
s , where l is the effective micelles length, us is the vol-

ume fraction of surfactant [38]. The growth of elongated structures
leads to their entanglement and formation of a dynamic network
that is accompanied by viscosity increase. The presence of small
ellipsoidal micelles as well as branched cylinders leads to the vis-
cosity reduction. The volume fraction of lecithin was fixed
ulec = 0.05, and the amount of bile acid salt was varied, while the
a) lecithin; (b) organic solvent (cyclohexane); and (c) bile salt.



Table 1
Subsystems symbols, chemical structure of molecular fragments and their Hildebrand
solubility parameter d.

Subsystem Structure
d ¼ J

cm3

� �1
2

W 15.5
C 16.3

W0 18.4

O(1) 21.2

P 39.4

O(2) OH 41.0
O(3) 41.0
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total volume fraction of all components, including the solvent was
utotal = 1. The bile salt to lecithin molar ratio B0 2 [0.133,0.6] char-
acterizes the composition of the system. The main parameters cal-
culated during the simulation were the effective length of micelles,
the percentage of large clusters and their volume fraction. At every
set of input parameters, we have started from a random initial con-
figuration. To control the system equilibrium process we moni-
tored the system energy and the micelles size distribution.
Typically, these observables did not vary with time after about
0.5 million simulation steps, and this was for us the criteria that
the system has reached the equilibrium. The total simulation time
Fig. 3. Morphological changes in the lecithin-cyclohexane solution upon increasing the
left) and B0 = 0.53 (on the right). The solvent particles are not shown. The bottom part of
line in the upper part of the figure.
was about 1.5–2 million simulation steps to accumulate statistic at
equilibrium.

Fig. 3 shows the changes in the morphology of lecithin micelles
in hexane solution upon increasing the molar ratio of bile salt to
lecithin (B0). Visual analysis shows that there is a trend towards
reducing the micelles number and increasing their length due to
aggregation of small micelles. As will be shown below, in our
model bile salt molecules induce the transition from spherical to
cylindrical micelles. Actually, there are two underlying mecha-
nisms of such transition - the elongation (first to prolate ellipsoids
and then to small cylinders) of existing spherical micelles of
lecithin and their aggregation. Both mechanisms can be jointly
explained by the free energy penalty associated to the two ends
as being the driving force for micellar elongation [3].

Generally phospholipids tend to form inverted spherical
micelles in organic solvents [10]. Visual analysis of molecular
structure shows that lecithin molecules self-assemble in pure hex-
ane solution into small micelles of approximately spherical shape
(ellipsoidal shape with not very high asymmetry axes). The struc-
ture of the micelles in the lecithin/bile salts mixture in the organic
solvent depends mainly on their molar ratio. Fig. 4a shows a partic-
ular micelle at the molar ratio B0 = 0.53. Upon incorporation into
the structure of inverted micelles of lecithin, bile salt molecules
increase the volume of the core occupied by the hydrophilic groups
of lecithin, while their contribution to increasing of the surface
area occupied by the hydrophobic particles is less significant
because the volume of the surface layer of a lecithin micelle is lar-
ger than the volume of its core. As a result, the volume of the
micelle core grows faster than the volume of the surface layer, so
that the surface layer looses its ability to cover the core of spherical
shape. The need for increasing the effective surface of micelles
causes the formation of highly elongated structures reminiscent
of curved ‘‘flattened” cylinders (having elliptic cross-section). The
non-polar beads of bile salt and lecithin form the surface contact-
concentration of bile salt. The molar ratio of bile salt to lecithin is B0 = 0.13 (on the
the figure demonstrates a section of the modeling cell by the plane shown as dotted



Fig. 4. The typical morphology of an elongated micelle formed by bile salt and lecithin in organic solvents: (a) all particles; (b) only polar groups (on the left) and only non-
polar groups (on the right); and (c) cross-section of the micelle by a plane indicated by the arrows. The color scheme corresponds to Figs. 2 and 3.

Fig. 5. Scheme of cluster analysis.
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ing with the solvent, while the polar groups are located in the
insoluble core of the micelles (Fig. 4b and c).

Simple geometric considerations (quite similar to those pre-
sented in Ref. [11]) help to understand the observed processes.
Due to special Janus-type structure the bile salt molecules con-
tribute more significantly to increasing the volume of the surface
layer of a spherical reverse lecithin micelle in comparison to the
contribution to the volume of its core. Hydrophilic and hydropho-
bic groups in lecithin and bile salt molecules are joined together,
and the maximum block length is equal to two (for lecithin molec-
ular model). From molecular geometry of proposed model (see
Fig. 2) it can be seen that the lecithin tends to form spherical
micelles, while disklike micelles are the most favorable morphol-
ogy for bile salt (due to the flat geometry of molecules). The vol-
ume ratio of the hydrophilic and hydrophobic particles in the
case of pure lecithin solution is equal to two, and it depends on
the molar ratio of bile salt to lecithin, in particular, it is equal to
7/5 = 1.4 for B0 = 1. What geometric objects do we get if all hydro-
philic particles are completely covered by all hydrophobic parti-
cles? Let us consider the ideal case: there are only three types of
possible objects – spheres, cylinders or disks. Hydrophilic core
(interior) of these objects should be compact, so the sphere can
have radius at most two (if two hydrophilic groups of lecithin
molecules are pulled in a string), and the disk should have a thick-
ness of the inner part equal to two. The radius of the cylinder also
should be almost two (remember that the unit of length is the
diameter of a bead). The energetically not favorable contribution
from the edges of a cylinder and a disk will not be taken into
account, therefore the length of a cylinder can be arbitrarily large,
as well as the diameter of a disk. The large number of small objects
(disks or cylinders) will be preferable in comparison to a single
large object due to the entropic contribution to free energy. The
core of any shape should be covered by a hydrophobic surface layer
with a linear size about one. For spheres, the ratio of the surface
layer volume Vsurf to the volume of the core Vcore is equal to 2.4
(almost the same as the volume ratio of hydrophobic to hydrophi-
lic particles for pure lecithin). For cylinders, Vsurf/Vcore = 5/4 = 1.25,
and it corresponds approximately to the volume ratio of hydrophi-
lic and hydrophobic particles in the lecithin/bile salts mixture with
the molar ratio B0 = 1. This simple geometrical consideration con-
firms that our coarse-grained model (Fig. 2) reasonably takes into
account the most crucial features of the real system and therefore
is suitable for studying the growth of wormlike micelles.

To confirm our conclusions by more quantitative arguments, we
have performed the cluster analysis for specified particles to study
the number of beads per micelle. First, we have fixed the cutoff
radius rc – the maximal distance between adjacent particles
belonging to the same cluster (see Fig. 5). Then, we have selected
an arbitrary seed particle i of the specified type and calculated
the distances to the neighboring beads. All beads j (of the same
type with i), for which rij < rc, were defined as belonging to one
cluster and used for searching for other beads in this cluster.
Finally, we have searched for a new seed particle of specified type
which has not yet been included in any cluster and repeated the
search for other beads in this cluster. The procedure was com-
pleted when all beads have been checked. All calculations were
performed for O(2) beads, and the cutoff radius was set to be equal
to rc = 1r. The beads O(2) correspond to hydrophilic part of the bile
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salt and are located in the micelle core, and this reduces the prob-
ability of the merging of two closely located micelles in a single
cluster [39]. We have tested several other values of the cutoff
radius rc < 1.4r, but we have not observed any significant differ-
ence in the system behavior.

In Fig. 6 we show the volume fraction of clustersU as a function
of their size, i.e., of the number of particles per cluster. One can
observe clearly the increasing of the volume fraction of large
micelles upon increasing the bile salt concentration. At low
B0 = 0.26 the system consists mainly of relatively small clusters
of the size less than 200 particles. At B0 = 0.53 the main contribu-
tion comes from the clusters consisting of more than 600 particles
while the number of small micelles decreases. The elongated
wormlike micelles with large number of particles grow up by the
aggregation of small micelles. This is confirmed by the data shown
in Figs. 3 and 6.

Fig. 7 presents the growth of the average cluster length and the
percentage of long micelles with increasing the bile salt concentra-
tion in organic solvents, hexane and cyclohexane. At the molar
ratio B0 < 0.3 one can observe the small clusters with the average
Fig. 6. The volume fraction of clusters U versus the number of particles per cluster
for lecithin/bile salt mixture in hexane; the molar ratio is B0 = 0.26 (black bars) and
B0 = 0.53 (grey bars).

Fig. 7. (a) Normalized average cluster length R/L (R - cluster length, L - simulation cell s
molar ratio B0 in cyclohexane (black line) and hexane (red line). (For interpretation of the
this article.)
length about 0.05L. The average cluster size grows dramatically,
reaching values about 1.2L at B0 � 0.5. The micelles length in this
case is larger than the simulation box size, but smaller than

p
2L

(the length of the diagonal of the box). At critical value of the bile
salt concentration B0 � 0.53 one observes the macrophase separa-
tion, i.e., the lecithin/bile salt micelles aggregate and form a single
micelle (the shaded region in Fig. 7). This may correspond to the
destruction of dynamic network of wormlike micelles and consid-
erably decreasing of the viscosity [12]. Such behavior is in qualita-
tive agreement with the experimental data [11] (and even in
quantitative agreement, as regards the values of the bile salt to
lecithin molar ratio).

4. Conclusions

We have investigated the effect of the bile salt concentration on
the micelles formation in lecithin/bile salt organic solutions by
means of mesoscopic computer simulations. The details of chemi-
cal structures of all components were taken into account by a
proper coarse-grained model including both a suitable substitution
of fragments of lecithin, bile salt and solvent molecules by coarse-
grained beads and an appropriate choice of parameters of
hydrophobic-hydrophilic interaction potential. Specific interac-
tions have not been included in the model, so that it is the specific
shape of molecules which is responsible for correct system behav-
ior. This model allows to reproduce general features of processes in
the real system and to understand the mechanism of self-assembly
on the molecular level. We have shown that upon increasing the
bile salt concentration, the number of large micelles and their aver-
age size grow up, and the ellipsoidal lecithin micelles are trans-
formed into elongated structures. We have not observed any
perceptible branching of these wormlike micelles. The asymmetric
growth of micelles is caused by packing changes in the lecithin
tails region upon addition of surfactants of specific shape. Such
wormlike micelles may entangle with each other and form a
dynamic network, so that the solution behaves as a gel. We have
not performed analysis of entanglements and calculations of diffu-
sion coefficient and viscosity because DPD method is not suitable
for studying dynamic properties due to soft potentials and absence
of real excluded volume in the system. The further increase of the
bile salt concentration leads to the macrophase separation and
accompanying disappearance of gel-like properties. Our conclu-
sions have been confirmed by the images of morphological
ize) and (b) percentage of big clusters (N > 200) with respect to lecithin – bile salt
references to colour in this figure legend, the reader is referred to the web version of
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structures and by quantitative analysis of physical observables.
These results of computer simulations explain rather well the
experimental data [11], and even show a reasonable quantitative
agreement for hexane and cyclohexane as regards the values of
the bile salt to lecithin molar ratio at which the morphological
transitions are observed. However, fine details in the chemical
structure of a hydrocarbon solvent could have dramatic effect on
aggregation and phase behavior of lecithin reverse micelles [3].
The above coarse-grained model can be modified to enable simula-
tion of other solvents including water.
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