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Abstract

Introduction

Vesicles are considered as one of the main components of life. Vesicles consist of a bilayer membrane of
amphiphilic molecules that are composed of a “water-loving (polar)” head-group and a “water-avoiding”
hydrocarbon chains. Amphiphilic lipid molecules play a role in the evolution from molecular assembly to
cellular life. Soap and detergent are common amphiphilic substances that we can see in everyday life.
Due to hydrophobic interactions of the hydrocarbon chains, the amphiphilic molecules start to assemble
spontaneously into two layers held together by non-covalent forces when the concentration in aqueous
solution is high enough. In order to avoid the interaction with water at the edge of the membrane, the
bilayer forms a closed surface called a vesicle. Even though the membrane of vesicle has a thickness of
typically a few nanometers, the size of vesicle can be in the order of up to 100 micrometers. Due to
external conditions lipid bilayer vesicles show a wide variety of shape deformation. Their remarkably

flexible surfaces attract researchers for many decades.

By using laser tweezers, the dynamics of lipid bilayer vesicles induced by changing external parameters
becomes accessible. Considering bilayer membranes as two-dimensional surfaces embedded in

three-dimensional space, the theoretical description on this mesoscopic length scales is introduced
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independently more than forty years ago in three seminal papers [1], [2], [3]. The bilayer configurations
are fundamentally determined by bending elasticity. This fundamental property is the reason why there
is a wide variety of non-spherical shapes of vesicles. Bending elasticity not only causes a large variety of
vesicle shapes, but also leads to various dynamical properties. The dynamical aspect of vesicles,
especially, the translocation through a small hole due to external driving forces is an interesting problem.
The mechanism is relevant to, for example, many transdermal applications [4], [5], transendothelial
migration in immune system [6] and drug delivery in pharmacological research [7], [8], [9]. The
translocation phenomena of a vesicle through a small hole are the subject matter of this research. The
interesting question is that how the effectiveness of such filtration process depends on various
parameters of the system such as the driving forces, bending and stretching moduli of the vesicle, the

initial size of the vesicle, and geometry and size of the pore.

In this research, we use Onsager variational principle to study translocation phenomena of a vesicle
through a pore. We are interested in two problems of such a kind of this translocation process. First, we
investigate translocation process of a vesicle through a hole in a solid membrane separating two
chambers, where we focus on the kinetic pathway of the translocation. Onsager principle can give us the
kinetic pathways of the state changes. On the other hand, the minimum energy paths or the reaction
paths can be obtained by employing the string method. Our main purpose is to discuss the paths

obtained from these two different methods when the friction parameter changes.

Recently, Sakuma and Imai [10] established a temperature-controlled cyclic self-reproducing vesicle
system without feeding. The characteristic feature of their system is that the vesicle composed of
cylinder-shaped lipids [1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)] and inverse-cone-shaped
lipids [1, 2-dilauroyl-sn-glycero-3-phosphoethanolamine (DLPE)]. The vesicle forms an inclusion vesicle
called daughter vesicle inside the mother vesicle and then the daughter vesicle is expelled through the
small pore on the mother vesicle. In this second problem, we present theoretical model on the birthing
process of a single, rigid daughter vesicle through a pore. By using a simple geometric picture, we derive
the free energy constituting the material properties of the mother vesicle, i.e., bending, stretching and
line tension moduli, as functions of the distance between centers of the daughter and mother vesicles. We
see clearly the disappearance of the energy barrier by selecting appropriate moduli. The dynamics of the
system is studied by employing the Onsager principle. The results indicate that translocation time

decreases as the friction parameter decreases, or the initial size of the daughter vesicle decreases.
Translocation of a vesicle through a narrow hole across a membrane [11]
We have used Onsager principle to investigate the translocation process of a vesicle through a narrow

hole across a membrane. The equations of motion for the translocating vesicle are derived by choosing

the appropriate slow variables. The potential energy is calculated by considering the stretching energy of
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the translocating vesicle and the pressure difference across the membrane. There is a free energy barrier
for translocation process of a vesicle through a narrow hole due to stretching of the vesicle. In the
absence of the pressure difference, the free energy landscape is symmetric around the translocation
coordinate and its magnitude depends on the initial size of the vesicle. The height of the barrier can be
decreased by applying the pressure gradient across the membrane. By increasing the pressure difference

or decreasing the initial size of the vesicle, the translocation time becomes shorter.

The kinetic paths obtained from the Onsager principle are independent of the friction coefficients when
the pressure difference is small and those paths are close to the reaction paths (the minimum energy
paths) obtained from the string method. On the other hand, they are significantly different from each
other if the pressure difference is large. Because the pressure exerted on the liquid flow induces a quick
flow of the liquid compared to the diffusion of the surfactant molecules, the diffusion flow of the liquid
volume inside the vesicle is much faster than the migration of the number of the surfactant molecules.
This is the reason why we have the difference between the result from the string method and the kinetic
paths obtained from the Onsager principle. This means that we have already shown that Onsager

principle is an extension of the conventional string method when the external driving force is large.

In our model, we have considered the hole on a rigid membrane wall as a circular hole with fixed radius.
However, in real physical system e.g. translocation of a white blood cell through a hole on blood vessel
wall (transcellular diapedesis), pore can change its size during the translocation process. In such a case,
our model needs to be extended by introducing one more variable i.e. size of the pore. In the present work,
however, we neglected such a degree of freedom, and predicted the dependencies of translocation kinetics
of a single vesicle on its stretching property and size and on the applied pressure difference. We hope
that our simple model would stimulate experiments on the study of translocation of vesicle through a

narrow hole.

Birthing of a Daughter Vesicle in Self-reproducing Vesicle System

We have used a simple geometric ansatz to study the birthing of the daughter vesicle in self-reproducing
vesicle system. Onsager principle is used to derive the equation of motion for the birthing vesicle in
terms of the bending, stretching and line tension moduli of the mother vesicle, and the size of the
daughter vesicle, and the distance between the centers of the daughter and mother vesicles. The
deformation of the mother vesicle is treated within the Helfrich free energy formalism and the stretching

energy plays a role as a driving force for the system.

The derived free energy suggested that changing the stretching and line tension moduli affects the free
energy landscapes clearly, while changing the bending modulus does not affect much the energy

landscapes. This suggested that the system is mainly governed by the competition between the
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stretching and line tension energies. Adding more water into the mother vesicle will give an increase in
the free energy and a decrease in the energy barrier. Because of the competition between the stretching
and line tension energies, adding water up to some certain amount causes the dip in the free energy
landscape. Further adding more water, the metastable state occurs which means the daughter vesicle is
trapped and the birthing process is not completed. The translocation time decreases when the friction
caused by the hole against the motion of the daughter vesicle decreases. Our results also suggest that
when the daughter vesicle is large, the mother vesicle feels more uncomfortable. Consequently, the large
daughter vesicle is then expelled with higher speed compared to the case of small daughter vesicle.

However, the high speed will be decreased by the effect of barrier from the line tension energy.

In our model, the specific details regarding the chemical properties of the vesicle are parametrized in
terms of the material parameters such as bending, stretching, and line tension moduli for the purpose of
investigating the large scale properties of the birthing process. From the experimental point of view,
measuring the bending, stretching, and line tension moduli of the membrane directly is rather difficult.
However, experimentalists could compare their experimental data to our predicted results to estimate

the value of the moduli.

Conclusions

In this research, we study translocation phenomena of a vesicle through a narrow pore by using the
Onsager principle. The first problem is the translocation of a vesicle through a hole in a solid membrane
separating two chambers. We found that the translocation time decreases as the pressure difference
across the membrane increases, or the initial size of the vesicle decreases as expected. The reaction
paths obtained from the string method and the actual kinetic paths obtained from the Onsager principle
are significantly different from each other if the external driving force is large. This suggests that the
Onsager principle is an extension of the string method at large external driving force. For the second
problem, we investigate the birthing process of a daughter vesicle in self-reproducing vesicle system. The
equation of motion for the daughter vesicle is derived by using the Onsager principle. We found that the
translocation time decreases when the friction caused by the hole against the motion of the daughter
vesicle decreases. When the daughter vesicle is large, the mother vesicle feels more uncomfortable.
Consequently, the large daughter vesicle is then expelled with higher speed compared to the case of

small daughter vesicle.
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