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ABSTRACT: The influence of inorganic salt on the structure
of lecithin/bile salt mixtures in aqueous solution is studied by
means of dissipative particle dynamics simulations. We
propose a coarse-grained model of phosphatidylcholine and
two types of bile salts (sodium cholate and sodium
deoxycholate) and also take into account the presence of
low molecular weight salt. This model allows us to study the
system on rather large time and length scales (up to about ~20
us and SO nm) and to reveal mechanisms of experimentally
observed increasing viscosity upon increasing the low
molecular weight salt concentration in this system. We show
that increasing the low molecular weight salt concentration
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induces the growth of cylinder-like micelles formed in lecithin/bile salt mixtures in water. These wormlike micelles can entangle
into transient networks displaying perceptible viscoelastic properties. Computer simulation results are in good qualitative

agreement with experimental observations.

1. INTRODUCTION

Self-assembling structures of biological surfactants can be used
in manufacturing of composites with complex mesoscopic
order, in developing of biodegradable materials, and in medical
applications.”” There are two general classes of biological
surfactants (phospholipids and bile salts) which play an
important role in physiological processes. A typical representa-
tive of phospholipids is phosphatidylcholine (Figure 1a), a
zwitterionic surfactant that has a positive charge on the choline
group and negative on the phosphate group. It is insoluble in
water and typically self-assembles into aggregates such as
bilayers or vesicles. Bile salts belong to the class of steroids, and
the presence of polar groups in the a-position leads to
amphiphilic properties (Figure 1b). Bile salt molecules have the
Janus-type disklike structure with hydrophobic and hydrophilic
surfaces (so-called “facial amphiphiles”).”~> Bile salt molecules
generally form highly curved small micelles with an unusually
low aggregation number (about 5—10) in water.” ™’

In the past, a large amount of experimental'™” and
theoretical "~ work dedicated to systems containing lecithin
has been done, including lecithin-based organogels and
hydrogels (for review see refs 22 and 23 and references
therein). The strong interest could be explained by
biocompatibility, prevalence, and low cost of lecithin, which
can be found in any living matter as a main component of the
cell membrane, as well as the possibility to construct smart
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Figure 1. Molecular structures of (a) phosphatidylcholine and (b)
sodium cholate (SC) and sodium deoxycholate (SDC). Hydrophilic
and hydrophobic parts of the molecules are schematically marked by
red and blue rectangles, respectively.

complex self-assembled morphologies.”* In lecithin-based
systems, aggregation morphology may be governed by bile
salts®>** or small polar molecules.”> ™
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There are experimental studies®”’ >’ dedicated to the
interaction between ions and phospholipids in water. It was
found that a bound ion facilitates denser packing of lipids and
more extended conformation of their hydrophobic tails. The
aggregation number of bile salt micelles in water increases with
increasing ionic strength.”> Reducing the solubility of
amphiphilic molecules (e.g, bile salts) can be explained by a
number of reasons:*’~** (1) dissociation of an inorganic salt
makes the bile salt dissociation less favorable due to the
entropic reasons, and nondissociating salts (and acids) are
poorly soluble in water;** (2) hydrophobicity of the nonpolar
parts increases; (3) electrostatic repulsion between charged
groups decreases by screening, therefore they can come closer
to each other and join together to form larger aggregates; and
(4) hydrogen bonds between small electronegative atoms (O or
N) of surfactant molecules and water are destroyed. Effective
interactions between surfactant molecules with charged groups
depend not only on the concentration of salt but also on the
type of ions. Ions of certain salts can improve the solubility of
some compounds.’”®’ Specific ion effects influence self-
assembling processes of polyelectrolytes (e.g., strong ion
specificity is observed for sodium acetate and sodium chloride
in chitosan aqueous solutions).*”

Despite a large amount of progress, theoretical and computer
simulation studies'®~*" still do not cover all properties and self-
assembling details of such systems. In this study, we are focused
on the computer simulation study of morphologies of lecithin
micelles in aqueous solution where both bile salt and inorganic
salt play the key role of gelation agents. We describe micellar
size and shape, as well as mechanisms of micellar growth. To
the best of our knowledge, computer simulation study of such
systems (aqueous solutions of lecithin and bile salts in the
presence of low molecular weight salt) has not been performed
previously.

During the last decades, several theoretical and simulation
studies investi§ating lecithin and bile salt systems have been
published."*™>” Many of these computer simulation studies
were based on coarse-grained (CG) models of lipids and
applied well-known force-fields (e.g, the MARTINI force-
field)."* Related CG bile salt models can also be found in the
literature.">™"® These models have been recently used for
studying association behavior of bile salt/lipid aqueous
solutions, for investigation of size, composition, and shape of
the micelles, and the transition kinetics from vesicles to mixed
micelles."”*’ In ref 20, it has been shown that depending on the
number of lecithin molecues, either vesicles or discs can be
formed and that adding bile salt solubilizes lecithin vesicles and
bilayers. In all above-mentioned computer simulation studies,
solvent-free models have been used, and the effect of adding
inorganic salt has not been studied. Moreover, in previous
simulations, the size of system was rather small (ie., it was
possible to investigate a single large micelle or a few small
micelles on rather small times, even for CG models used so
far).

We have tried to overcome the disadvantages of previous
works, which were quite limited in scale and time of modeling
and cannot completely represent behavior of the studied
systems. In order to be able to simulate a system containing
many micelles and to obtain an equilibrium size distribution
(ie, in order to increase the length and time scales in
simulation), one needs to go to <<more coarse-grained>>
models trying to keep the most important features of the real
systems, and for this goal DPD method seems to be well
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suitable for such systems and such phenomena.”’ CG models
are highly sensitive to the parameters of interaction, the choice
of coarse-graining, etc. At the same time, such models can
demonstrate key features in the behavior of such systems,
which is interesting both for fundamental and practical
applications (e.g,, for targeted design of real prototypes of
model objects). Of course, as at any coarse-graining, some
features of a system can be lost, but a CG model can still keep
the most crucial features of a system under study. In this paper,
we ask the question whether it is possible to make a <more
coarse-grained>> model for lecithin/bile salt aqueous solutions
which will be able to keep the essential physics. Advantage of
our model and DPD method is the fast equilibration on long
times and large scales (due to soft potentials, a large time step
can be used). Such models are good for simulation of initial
stages of phase formation, and later a more detailed atomistic
representation with appropriate force field can be restored for
the systems using a reverse mapping procedure. Starting from a
random configuration, we will be able to reach the equilibrium
state very fast.

As regards to the coarse-graining itself (i.e., the substitution
of groups of atoms in the atomistic model by a particle in the
CG model), our CG model is quite similar to the model used,
for example, in ref 14, however, the <grains>> in our model are
even slightly larger. Our model represents the molecular
geometry of lecithin and bile salts reasonably well to be able to
reproduce experimental results. The main advantage of our
model is the large time step due to soft potentials that allow us
to investigate the systems on about two orders of magnitude
times longer than in previous studies. We have taken the
solvent (water) explicitly into account, but we have implicit low
molecular weight salt in our model. However, our model for
implicit inorganic salt allows us to reproduce rather well the
experimental results (e.g, the viscosity increasing due to
growing of micelles in lecithin/bile salt aqueous solutions upon
adding inorganic salt).

Experimental rheological study’” shows the increase of
viscosity in lecithin/bile salt water solution upon increasing the
inorganic salt concentration, and thus phenomenon was
assumed to be related to the growth of lecithin/bile salt
micelles into long flexible wormlike structures™ followed by
their entanglement into transient networks. It was shown that
micellar growth requires a sufficient amount of inorganic salt
(for example, NaCl) which serves to “salt out” the
amphiphiles.”” The zero-shear viscosity of the lecithin/bile
salt mixture in water was studied*” as a function of the molar
ratio of bile salt to lecithin (B,) and inorganic salt
concentration. At low ionic strength, the solution has low
viscosity, while viscosity increases significantly upon adding
inorganic salt. And finally, when salt concentration is
sufficiently large, the phase separation in two coexisting liquid
phases takes place. A qualitative explanation of observed
phenomena was given in ref 22; however, the question about
molecular mechanisms of formation of wormlike micelles still
remains open. We have previously reported our computer
simulation study of the effect of adding bile salt to lecithin
organosols®® and compared our results with experimental
data."” In this paper, we study aqueous solutions of lecithin/bile
salt mixtures and are focusing mainly on the ionic strength
impact.
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a)

sodium cholate (SC)

b)

sodium deoxycholate (SDC)

Figure 2. CG model of (a) bile salts SC, (b) SDC, and (c) lecithin. Preferred bending angles @ for hydrophilic parts of bile salt are shown by arrows.
Hydrophilic parts of bile salts are marked as yellow O(2) and green O(3), and as purple P and red O(1) for lecithin. Hydrophobic parts of both
surfactants are colored by gray C. This color scheme and subsystem symbols are used in all figures below.

2. MODEL AND SIMULATION TECHNIQUE

Computer simulations of lecithin/bile salt mixtures has been
performed in the framework of the dissipative particle dynamic
(DPD) in canonical (NVT) ensemble for systems consisting of
the following molecules (see Figure 1): (1) lecithin
(phosphatidylcholine); (2) bile salts: sodium cholate (SC)
and sodium deoxycholate (SDC); (3) water; and (4) low-
molecular weight salt (can be NaCl, for example), which was
implicitly taken into account.

The DPD is the mesoscopic computer simulation method
widely used for studying structural properties of aqueous
solutions, colloidal dispersions, as well as polymer melts and
solutions.””** The DPD method utilizes CG models and “soft”
potentials of intermolecular interactions and that allows
selecting a sufficiently large time step in a finite-difference
scheme for Newton equations of motion

mi = f;
and enables studying of molecular systems on larger spatial (up
to microns) and time (up to milliseconds) scales as compared
to the atomistic molecular dynamics. Each DPD-particle (all
having diameter ¢ = 1 and mass m = 1 in arbitrary units) is
associated with a group of small molecules, some fragments of
macromolecules, or with a statistical segment (Kuhn segment

of a polymer chain). The characteristic time unit 7 is o /m/kT

(kg is the Boltzmann constant and T the absolute temperature).
Integration of the system of equations of motion was realized
using the Verle method with a time step At = 0.05 7. The net
force applied to each particle consists of five terms:

_ b a c d r
f=) (F +F +F +F +F)
i#j
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where the summation is performed over all particles within the
cutoff radius r.. The first two forces are the spring force (FB),
which takes into account the covalent bonds between adjacent
CG particles in molecules, and the elastic force of bond angle
deformation (F;‘}) is used to take into account the intra-
molecular stiffness.”® Both forces are linear on deviation from
the equilibrium bond length I, = ¢ and the equilibrium bond
angle @, respectively, and the stiffness parameters were taken
from our previous work.”® Preferred bond angles ®, = 90° for
hydrophilic parts of bile salts are shown by arrows in Figure 2,
while there is no bending potential applied to angles between
other bonds. The conservative force (Fj) is the soft-core
repulsion between particles i and j:

ai(1 = )%, rnr<o
ij =
0,r,>0
5 =5/
where a; is the maximum repulsion force between beads i and j.

The remaining two forces are the dissipative force (Fg) which
takes into account the friction of an effective medium and the
random force (Ff]) which describes the thermal motion of the
system. The values of coeflicients were taken from refs 34 and
35. The system density was chosen to be equal to p = 36° for
correct description of the water isothermal compressibility.*
For this density value, the parameter a; can be expressed in
terms of the Flory—Huggins parameter as a; = 25 + 3.27y;. The
Flory—Huggins parameter describes the volume interaction
between sépecies a and f# and depends on the Hildebrand
solubility’®*” parameter &:

‘/ref(éa - 5[})2 _

){a/} = RT )(S
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where R is the gas constant, V. is the average molar volume of
CG particles, and its value is equal to 142 cm®/mol for our CG
model (see below), y, is the entropic contribution to the mixing
free energy; usually y;, ~ 0 and can be omitted. In accordance
with the Hildebrand theory, mutual solubility of nonelectrolytes
increases with decreasing the difference between their solubility
parameters.*®”” The Hildebrand solubility parameter is the

square root of the cohesive energy density:

AH, — RT
= | ———
Vm

where V_, is the molar volume in the condensed phase and AH,,
is the heat of vaporization.

To simulate lecithin/bile salt mixtures in aqueous solution in
the frame of DPD method, we have improved our CG model*
shown in Figure 2. The symbols for CG particles and
corresponding fragments are marked with different colors in
Figure 2, and this color scheme will be used in the snapshots of
the system below. When choosing the fragments of molecules
and assigning them to different beads (particles of different
types), it was important to take into account the proportion of
sizes of lecithin and bile salt molecules, as well as structural
features of the bile salt molecule, namely its geometrical
peculiarities (planar Janus-type structure). In accordance with
our CG schema, the diameter of one DPD particle corresponds
to 7 A. In this case, one DPD particle corresponds to eight
water molecules.

CG representation for bile salt looks like a “backless stool”,
whose three or two legs [composed of hydrophilic groups O(2)
and O(3)] are connected to hydrophobic skeleton and fixed by
introducing the potential on the valence angles and choosing
@, = 90°. Both lecithin charged groups, choline and phosphate,
were combined into a single CG polar particle P to maintain
the correct balance between the size of polar and nonpolar
groups. In general, the charged groups affect the formation of
the double layer structure but only at short distances. Indeed, in
the aqueous solution, the Bjerrum length is ~6.9 A at T = 300
K. This value is comparable to the DPD particle size. Since the
particle P can be considered as a dipole with a shoulder length
of ~4.9 A, the energy of the Coulomb interaction of two such
particles exceeds the energy of thermal motion only at small
distances, when they can already bind due to the intermolecular
interaction. In our model, only their polar nature is taken into
account [i.e., how do they interact with water (high
hydrophilicity)].

Five different CG schemes including models of lecithin from
refs 33, 38, and 39 have been tested before we have found an
appropriate model which reproduces formation of micelles. Our
CG model does not include specific interactions like hydrogen
bonding but only purely hydrophobic—hydrophilic interactions,
and the key part of the model is a specific geometry of
molecules.”® Previous simulations™ with using similar CG
scheme for lecithin/bile salt in organic solvent show that
micellar morphology and aggregation number are in qualitative
agreement with experimental data.”’

In this paper, we suggest a method to implicitly take into
account the low-molecular weight salt in computer simulations.
Small amount of inorganic salt reduces the number of hydrogen
bonds between the lecithin and water (affinity of the polar
groups to water), which reduces the solubility of polar
groups.”~** Following ideas from ref 43, we propose to
describe the presence of inorganic salt in an aqueous solution
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by decreasing Hildebrand solubility parameter of polar groups
0, of lecithin and bile salt, whereas the solubility parameter of
water J,, remains unchanged. The new values of solubility
parameters for polar groups P, O(1), O(2), O(3) are calculated
as (1 — C)5P, where the parameter C € [0; 0.25]. The value C
= 0 indicates the absence of inorganic salt, increasing of C
means reduction of solubility parameter 6, and reflects the
presence of inorganic salt in the solution. We have performed
simulation for different values of C, while Figures 5—8 show
data only for high C, = 0.2 (~6 M NaCl) and moderate C,
0.15 (~4.5 M NaCl) salt concentration. The model takes into
account positively charged ions formed during the dissociation
of bile salt and both positively and negatively charged ions due
to the addition of inorganic salt. At the temperature T = 300 K
chosen in our modeling, the ions are distributed in the solution
volume uniformly'* as the temperature is above the Manning
threshold.** An estimate of the Debye radius (lecithin 100 mM,
bile salt 90 mM, and NaCl 0.15—1M) gives values of ~6.2—2.9
A that allow us to conclude that at long distances all
electrostatic interactions are completely screened. In the course
of the verification of our CG model, we have studied the effect
of internal rigidity on the type of formed structures. We do not
observe significant difference in formed structures by varying
the stiffness and the equilibrium length between beads
(parameters of spring force).

Summarizing, we would like to mention here limitations of
our CG model. First, it does not properly reflect the size of
molecular groups (e.g, equal O(2) and C beads in CG
representation originally have difference size in atomistic
representation). However, the total ratio between linear sizes
of lecithin and bile salt molecules (2:1) is kept correctly:
although one molecule of lecithin and one molecule of bile salt
consist of 6 C beads, their linear size is different due to a
“backless stool” structure of bile salt against the two-tail
structure of lecithin. Second, our CG model is not able to take
into account hydrogen bonding interactions; so, for example,
we cannot observe the formation of secondary micelles in the
bile salt solution.*

The Askadskii semiempirical method*® was utilized to
calculate the solubility parameters and volumes of molecular
fragments, which correspond to the CG particles P, O(1),
0(2), O(3), C, and W (for water). The obtained values of
solubility parameters have been checked by means of the
atomistic molecular dynamics with using the PCFF force
field,"” which we have already used to study other systems,"”
and a very good coincidence has been obtained for all particles
except P and O(3). For these two CG particles, we cannot trust
the values given by the Askadskii method because this method
does not take into account the contribution of electrostatic
interactions to the total energy of a system, and we have used
the values obtained from the atomistic molecular dynamics.
The characteristics of molecular fragments are presented in
Table 1.

Finally, we would like to emphasize that the only difference
between SC and SDC molecules is the presence of two O(2)
groups in SC molecule, instead of one such group in SDC
molecule. The CG model for SDC is almost the same as SC but
includes only one O(2) bead instead of two. Therefore, total
number of hydrophilic beads in the CG model for SDC is two
(see Table 1 for details of chemical structure of molecular
fragments).

The simulation cell of the size 60 X 60 X 60 ¢* containing
648 000 (~10°) particles was used for all simulations. To
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Table 1. Subsystems Symbols, Chemical Structure of
Molecular Fragments, and Their Hildebrand Solubility
Parameter §

_J 2
Subsystem Structure (61 = (cm3)2
C A e 16.3
(0]
/IK/\
o(1) % 21.2
)\/O\n/
(e]
\ ﬁ
¥
P N _~q_ b 39.4
/ o Fl’ o
o
0() OH 41.0
(o]
0(3) /[L 41.0
OH
W H,0 2.0

control the system equilibration process, we monitored the
system energy and the micelle 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 equilibrium. The total simulation time was about
1.5—2 million simulation steps to accumulate statistics at
equilibrium and to perform an averaging of time series, and an
additional averaging has been performed over three independ-
ent simulation runs.

It should be noted that the selected coarse scale gives us the
following estimates for real scales and time intervals, namely,
the selected simulation cell size corresponds to a volume of 420
X 420 X 420 A%, and according to ref 49, At ~ 41 ps or the
total duration of the productive run is 20.5 ps in the case of
500000 At steps that is difficult to achieve when using atomistic
simulations.

3. RESULTS AND DISCUSSION

3.1. Morphological Changes upon Adding Inorganic
Salt. Bile salt molecules have a hydrophobic and a hydrophilic
surface and form in aqueous solutions micelles with low
aggregation number, while phospholipids generally tend to
form vesicles or bilayers in water (see Figure 3a). Figure 3
shows characteristic morphologies observed in aqueous
solution of pure lecithin and SC upon adding inorganic salt.
Without inorganic salt, bile salt tends to form micelles with low
aggregation number about 5—6 in aqueous solution (see Figure
3a), and this data is in agreement with refs 3—9 and 17.
Addition of inorganic salt induces the growth of short oblate
beltlike structures due to reducing solubility leading to reducing
the surface of all micelles and due to the planar Janus-type
structure of bile salt molecules. The quasi-two-dimensional
beltlike structures grow because of parallel orientation of bile
salt molecules, which place their hydrophobic groups in the
micelle core. However, we do not observe significant increase in
micelle length (i.e, formation of wormlike micelles), in the
pure bile salt aqueous solution upon adding inorganic salt. For
pure lecithin solution, we observe vesicles both in the absence
and in the presence of inorganic salt (Figure 3).

Phosphatidylcholine and bile salt in aqueous solution are
assembled in rather short-ellipsoidal micelles (see Figure 4).
Addition of low molecular weight salt leads to an increase in
viscosity due to growing of long wormlike micelles, which form
entanglements, as was assumed in ref 14. There are two main
factors affecting the viscosity of such solutions:*’ the effective
length of micelles (L) and the volume fraction of surfactant
(), and the viscosity is determined as 7, ~ L3'* (see ref
50). The growth of elongated structures leads to their
entanglement and formation of a dynamic network accom-
panied by viscosity increase. The presence of small ellipsoidal
micelles as well as branched cylinders leads to the viscosity
reduction. The amount of surfactant was fixed in simulation;
the volume fraction of lecithin and bile salt was equal to ¢, =
0.005 (number of molecules is 5400 for each), that is equivalent
to lecithin concentration of about 100 mM and bile salt
concentration of about 90 mM. The molar ratio of bile salt to

a)

BILE SALT \;d"

b)

pe

a

e P

O Gy

Y

Figure 3. Morphological changes in aqueous solutions of the SC (on the left) and lecithin (on the right) upon adding inorganic salt: (a) system
without salt and (b) in the presence of inorganic salt with concentration C,, the volume fraction of surfactant in both cases ¢, = 0.05. The solvent

particles are not shown.
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Figure 4. Structures formed in aqueous solutions of lecithin/bile salt SC with inorganic salt. From the left to the right: systems without salt (C = 0)
and in the presence of inorganic salt (with concentrations C;, C,). Dashed lines schematically show micelles.

lecithin was B, = 0.9, and the total volume fraction of all
components, including the solvent, was equal to unity.

Figure 4 shows the behavior of SC-lecithin mixture in
aqueous solution in the presence of low-molecular weight salt.
In the absence of inorganic salt, we observe formation of a large
amount of rather short thin micelles. Increasing inorganic salt
concentration leads to reducing the number of micelles
accompanied by increasing their thickness and length. The
driving force of aggregation of small micelles is the decreasing
of solubility of polar groups in water. Typical micelles’ shapes
are shown at the bottom of Figure 4. Upon increasing inorganic
salt concentration (C, > C;), micelles become thicker and
flatter. Adding of inorganic salt reduces the solubility of
micelles due to decreasing of hydrophilicity of polar parts of
surfactants (because of destroying hydrogen bonds between
electronegative atoms and water molecules*?). Aggregation of
micelles becomes favorable, but due to peculiarities of
molecular structures of lecithin and bile salts, the decreasing
of the number of contacts between surface and solvent is
realized by means of formation of elongated micelles (which
can be confirmed by simple geometric considerations”>***?).

3.2. Cluster Analysis. We have performed the cluster
analysis for specified particles to study the number of beads per
micelle.>**! All calculations were carried out for C beads; the
cutoft radius was set . = 6. The beads C correspond to the
hydrophobic part of the lecithin and are located in the cores of
micelles, therefore such choice of the cutoff radius allows us to
distinguish two closely located micelles as separate clusters.*
We have tested several other values of the cutoff radius r, < 1.4
0, but we have not observed any significant difference in the
results of cluster analysis.

The histogram in Figure S is based on results of cluster
analysis and shows the volume fraction of micelles versus the
number of particles per micelle (aggregation number) in the
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Figure S. Volume fraction of beads in clusters versus the number of
beads per cluster (aggregation number) for systems without salt (C =
0) and in the presence of inorganic salt (C;, C,). Cyan bars correspond
to C = 0, red bars to C, and yellow bars to C,. Here, and in Figures
6—8 below, the data are for bile salt SC.

system. The first bar contains all clusters with amount of
particles (C beads) less than 500, the last bar contains all
clusters with amount of particles more than 3000. For large salt
concentration C, we observe clusters consisting of up to 9000
particles. Volume fraction of clusters is calculated as the
number of particles in a cluster divided by the total number of
surfactant particles (ie., the total number of beads both in
lecithin and in bile salt molecules). Addition of inorganic salt
increases the volume fraction of long micelles and reduces the
percentage of short micelles in the system. For C, and C,, the
main peak on the histogram is shifted toward the higher
number of particles in the cluster (from 500 to 3000), and
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clusters with a large number of particles have higher volume
fraction (most molecules are concentrated in large clusters).
3.3. Shape of Micelles. In order to analyze the form of
growing micelles, one can use the method®>® based on
calculation of the shape parameters K; = (43 + 4,)/(4; + 4,)
and K, = (4; + 4,)/(4; + 4,), where 4,, 4,, 4; are three
eigenvalues of the gyration tensor of each micelle sorted in
descending order [4, = max(4,, 4, 4,), 4; = min(4,, 4,, 4)]. The
sum of these parameters A, + 4, + 4; is equal to the squared
gyration radius Ré The placement of the ideal rod on the (K,
K,)-plane is the point (0, 1), the ideal disk is located at (0.5,
0.5), and the ideal sphere at (1, 1). Figure 6 displays the
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histogram of eigenvalues of the gyration tensor for the clusters,
which have the number of particles N > 300. We chose only
clusters with N > 300 to monitor cluster growth (because small
clusters could be a result of inaccuracy of cluster analysis
method or just small aggregates of bile salts). For both systems
with salt (with concentration C, and C;), the main peak is
located at larger A; values in comparison to C = 0. The
distribution for C, is wider than that for C; and is shifted
toward larger 4, values (ie, the addition of inorganic salt
induces the growth of A,). For systems with C; and C = 0, 4,
values are very close, for C, the position of main peak is a little
bit shifted. For 1;, we observe almost the same distributions for
all three systems. This may correspond to the micelle growth
upon adding inorganic salt and predomination of more
asymmetrical and elongated structures in the system with C,.

In Figure 7, we show our results as two-dimensional
histograms of K, and K, parameters for systems with salt and
without salt for clusters having the number of particles N > 300.
The distribution for system without salt is very narrow, the
peak is located very close to the point (0, 1) (ie., clusters
predominantly have the shape of a cylinder). For the system
with salt, the main peak spreads and shifts toward regions of
disks (0.5, 0.5) or spheres (1, 1), but morphologies are still very
extended (flattened cylinders). All histograms (Figures 6 and 7)
are rather wide both due to micelle shape and possible
inaccuracy of cluster analysis method. It is quite difficult to
distinguish a beltlike micelle from a few cylinders coming close
to each other. On the basis of histograms (Figures 6 and 7) and
on visual analysis of system snapshots (see Figure 4), we
conclude that at a moderate salt concentration (C,) the micelle
shape is close to a cylinder, while increasing the salt
concentration (C,) leads to growth of flattened cylinders.
The amount of cylindrical micelles with N > 300 in the system
without inorganic salt is small, so we can easily determine them
by cluster analysis and study their properties carefully (we
observe one clearly distinguishable peak on the histograms).
Upon increasing salt concentration to C;, the amount of
micelles with N > 300 increases significantly, while a few long
micelles could also join together due to inaccuracy of cluster
analysis. At high salt concentration, cylindrical micelles become
even more flat and curved, which is also reflected in the
histograms of shape parameters (Kj, K;).

Figure 8 shows the histograms of the maximum eigenvalue of
the gyration tensor for systems with high (C,) and moderate
(C,) salt concentration. For both cases, the maximum linear
size of big clusters (1500 < N < 2500) is larger than that of
middle-sized clusters (300 < N < 800). The difference between
distributions of the parameter A, for middle-sized and big
clusters is more pronounced for higher salt concentration (see
plots at the top). Distribution of the parameter 4,/ Ré is almost
the same (see plots at the bottom), which means that the shape
of middle-sized and big clusters is the same (ie., their sizes
along all axes are proportionally different).

3.4. Size of Micelles. In Figure 9, we perform a qualitative
comparison of simulation and experimental data, which allows
us also to match the scales of model parameter C and inorganic
salt concentration. The fraction of the number of clusters with
the number of particles N > 300 for lecithin/bile salts (SC and
SDC) mixtures as a function of inorganic salt concentration
from computer simulation (Figure 9a) are compared with
experimental data®® on zero-shear viscosity 77, of the lecithin/
bile salt mixtures in water (Figure 9b). In accordance with
Figures S and 6, increasing of parameter C leads to increasing of
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the amount of big micelles due to aggregation of small micelles.
Adding of excess amount of salt C > C, may cause macrophase
separation (e.g.,, we observe the formation of a single micelle at
C = 0.25). The ends of the curves both for SC and SDC
correspond to the salt concentrations above, which the samples
undergo phase separation into two liquid phases. In the
experiment, it corresponds to destruction of entanglements and
precipitation. In ref 22, SC samples remained homogeneous
until the NaCl concentration ~6 M was reached, while the
macrophase separation for SDC was observed at a NaCl
concentration of about 2.5 M. In our CG model, we also
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observe that the SDC system undergoes macrophase
separations at lower C values than SC. We have found that
the number of big clusters increases up to 4 times for both
systems shortly before separation. We do not measure the
viscosity of our system due to restrictions of DPD method, but
the number of big clusters and their length should play the key
role in the viscosity increasing.

Within the framework of our CG model, with the chosen
system size, we are not able to directly calculate entanglements
in our system for several possible reasons: (1) visual analysis of
the system in Figure 4 allows us to conclude that micelles are
oriented predominantly almost parallel to each other and their
length is not large enough to form entanglements; (2)
simulation box size is still a smaller characteristic size where
entanglements are expected to appear; and (3) simulation time
is not sufficient to observe diffusion of micelles. Maybe we can
overcome these limitations by increasing system size and
simulation time, but at this moment, we do not observe real
entanglements in our system, so we are not able to calculate
viscosity parameters.

3.5. Growth Mechanism of Micelles. Structures formed
in the aqueous solution of lecithin and bile salt are mainly
affected by the low-molecular weight salt concentration. The
shape of self-assembled structures is controlled by the effective
geometry of the amphiphiles, which can be simply expressed by
critical packing parameter (CPP), calculated as ratio of the
volume of tails to composition of the headgroup area and the
tail length.\%’55 The values of CPP in the range from 1/3 to 1/2
correspond to the cylindrical micelles; increasing the CPP value
up to 1 means formation of bilayers or vesicles. The lecithin
molecules with a nearly cylindrical molecular shape (CPP ~ 1)
prefer to assemble in the low-curvature bodies. Opposite, bile
salt molecules tend to form highly curved small micelles with a
low aggregation number. In the case of lecithin/bile salt mixture
(without an inorganic salt), the effective packing parameter
decreases down to 1/3—1/2 due to the incorporation of bile
salt molecules between lecithin head groups (see Figure 10, left
part, note also the change of the core in ellipsoidal micelles in
comparison to vesicles). We can see that the phospholipid
molecules are oriented radially. The bile salt molecules are
situated at the surface of cylindrical micelles formed by
phospholipid molecules and act as wedges between the
phospholipid head groups, as it was also observed for the
same systems in ref 15. The end-caps of the cylinders (or
ellipsoids) consist preferably of the bile salt molecules due to
their shape. The length of the micelles in this case is
determined by the ratio between lecithin and bile salt
molecules. Lecithin molecules are predominantly located in
the low-curvature cylindrical bodies, while bile salts form the
roundings at the ends. At low bile salt concentration, the
amount of bile salts is insufficient to reduce CPP for forming
cylinders. With increasing bile salt concentration, the number
of cylindrical micelles increases, but their length is limited due
to more end-caps formed by bile salts. Further increasing bile
salt concentration causes the CPP values to further decrease,
and thus the cylindrical micelles turn into shorter or even
spherical ones. Therefore, the growth of wormlike micelles in
lecithin/bile salt solution is observed only for a specific interval
of values of the molar volume ratio.”>**~>*

The right part of Figure 10 schematically displays mechanism
of the long structures formation. Low-molecular weight salt
decreases solubility of polar groups of lecithin and bile salt in
water. Growth from small micelles to large ones becomes more
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Figure 8. Histogram of the maximum eigenvalues of the inertia tensor (4,) (at the top) and normalized by the square gyration radius (at the
bottom) for the salt concentration (a) C; and (b) C,. Black curves correspond to middle-sized clusters with the number of particles 300 < N < 800

and red curves to big clusters with 1500 < N < 2500.

favorable due to reducing the number of contacts of polar
groups with water. The need for decreasing the effective surface
of micelles causes the formation of highly elongated structures
reminiscent of curved flattened cylinders (having elliptic cross-
section). The further increasing of concentration of low-
molecular weight salt leads to the macrophase separation since
solubility of polar groups decreases significantly, and the
micelles tend to minimize the number of contacts with water,
form one big micelle, and precipitate. It may correspond to
disappearance of gellike properties (i.e., the viscosity should
decrease). This behavior is in good qualitative agreement with
experimental data.”>

4. CONCLUSIONS

In this paper, we have improved the CG model for the lecithin/
bile salt aqueous solution and applied the dissipative particle
dynamics method to reveal the mechanism of experimentally
observed”” viscosity increasing in such solutions upon the
addition of inorganic salt. Growth of ellipsoidal structures in
lecithin/bile salt mixture is due to the change of effective
geometry of lecithin molecules (change of CPP value), while
the addition of low-molecular weight salt leads to screening of
electrostatic interactions between the polar groups and water.
We have proposed a method to implicitly take into account the
presence of inorganic salt in aqueous solution. In accordance
with this method, the solubility of polar groups should be
reduced upon increasing inorganic salt concentration, due to
reducing the number of hydrogen bonds between the polar
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groups of lecithin and bile salt and water (affinity of the polar
groups to water) (i.e, we consider this factor to be the most
important among several possible ones).

We have shown that upon increasing inorganic salt
concentration, the number of large micelles, their volume
fraction, and average size increase, and the rather short lecithin/
bile salt micelles are transformed into wormlike structures. Such
wormlike structures may entangle with each other and form a
dynamic network, so that the solution behaves as a hydrogel.
These results confirm the mechanism of viscosity increasing
postulated in ref 22. The further increase of the inorganic salt
concentration leads to the macrophase separation, which may
correspond to the disappearance of experimentally observed
gel-like properties. The shape of clusters having the number of
particles N > 300 is cylinder-like; upon increasing inorganic salt
concentration the micelles grow, and their shape is still close to
a cylinder. At high salt concentration, we observe flattened
cylinders, while middle-sized clusters with the number of
particles 300 < N < 800 and big clusters with 1500 < N < 2500
have almost the same shape (but proportionally larger size). On
the basis of the verified CG model, we can catch the main
features of morphological changes in lecithin/bile salts mixtures
both in organic solvents™ and in water (in this paper). Results
obtained by means of computer simulation in this paper and in
ref 33 are in qualitative agreement with experimental
results.””>* This allows us to conclude that our model properly
takes into account main features of real systems and is
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Figure 10. Growth mechanism of elongated micelles in the lecithin
solution upon adding bile salt and inorganic salt.

appropriate for study of complex self-assembled structures™* in
lecithin/bile-salt systems.

We hope that our study brings new insight into the
association behavior of lecithin/bile salt mixtures in aqueous
solutions: (1) we have succeeded in developing new CG model
working on larger time and length scales in comparison to
previous simulations and allowing for the study of the evolution
of many micelles; (2) we have studied the effect of inorganic
salt; and (3) we have performed a comparison with the
previous experiment.
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