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Chapter 1

Introduction

1.1 Motivation of the research work

and Manuscript content

This PhD work was motivated by the design of efficient soft drug delivery
systems (DDS), i.e. liposomes, polymer micelles..., substituting the more
commonly used hard material (gold, silica, ...) as they can be better elim-
inated by the body subsequent to treatment. During past decades, exten-
sive research was conducted in the field of nanomedicine on nanoparticles
for their potential use as DDS for disease treatment, imaging, and for di-
agnostic purposes as they increase bioavailability and lifetime of the drugs.
During their journey towards the cellular target they encounter many com-
plex biological barriers and once to the cell, they should succeed to approach
the membrane and cross it. The rational design of DDS thus requires the
exhaustive description of the soft(drug carrier)- soft(cell boundary) interac-
tions. This interaction pathway can be divided in two steps: (i) the first one
consists in the approach to the cellular membrane which should take into
account the study of the dynamics as it influences the number of success-
ful attempts to reach the surface ; (ii) the second one happens at the con-
tact with the membrane, it covers the adsorption, fusion of DDS constituents
with the membrane, internalization, ....and it is mainly driven by the physico-

chemical properties of the DDS and the membrane.

The aim of this PhD manuscript is to describe some stages associated with the
interaction pathways between a soft nanoparticle that can potentially serve
as DDS and a model biological membrane. The soft nanoparticle consists
of an assembly of polymer-like molecules in the form of a micelle. Chapter

1 gives a general litterature overview of the main parameters that should
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be taken into account when designing a DDS and will introduce the lipid

bilayers as model systems to study the DDS-membrane interactions.

Chapters 2, 3 and 4 of this manuscript are dedicated to the characterization
of the Brownian motion of the micelle near the model membrane, as this
constitutes the first stage of their interaction, of mechanical origin mainly.
In particular, in chapter 2, a detailed description of the model and simula-
tion methodology is presented. Prior to investigating collective phenomena,
it is necessary to determine whether the model accurately represents lipid
bilayers and polymer-like micelles. In order to accomplish this, in chapter
3, we rigorously validated the bilayer properties by comparing them to well-
established findings documented in the scientific literature and we evaluated
the static and dynamic properties of the micelles formed by the polymer-like
molecules, i.e. gyration and hydrodynamic radius, with detailed analysis of
physical time scales in the micelle-bilayer systems with comparison to ex-
isting measurements. Chapter 4 presents quantitative results of anomalous
diffusive motion of the soft micelle near the fluctuating bilayer membrane

together with the literature review on this subject.

The second stage will not be fully addressed in this manuscript and will
be left for a future investigation. Nevertheless, Chapter 5 deals with hy-
brid membranes made by amphiphilic molecules (the main constituent of the
soft DDS) and lipids. Indeed, soft DDS raise specific questions due to their
ease to exchange molecules with the membrane which could impact the final
membrane properties[135, 107]. In this chapter, after a brief literature review,
we address the change in the mechanical properties of a membrane, in case
polymers dissociate and fuse with it during the internalization process. The
investigation is carried with the aid of mesoscopic numerical simulations,
based on the dissipative particle dynamics model.

Nano-particles interact with cells similarly to other naturally available nano-
sized objects, such as proteins, cholesterol particles, and virus particles, due
to their size[47]. These nano-sized natural objects are typically recognized
by specific cell receptors at the plasma membrane and internalized by cells
via endocytosis. Similarly, nano-sized engineered materials can utilize the
cellular apparatus in order to be internalized by cells. Endocytosis is one of
the most important processes, where species uptake by a living cell occurs
through its plasma membrane [37, 127]. Contrary to many small pharmaceu-
ticals currently available on the market, drugs conveyed by nanosized ma-
terials, are carried into cells utilizing energy-dependent methods since the
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cell membrane prevents diffusion of complexes larger than approximately 1
kDa [3]. In addition, various types of hydrophilic and hydrophobic drugs
can be encapsulated in nanomedicines, and their release profile can be con-
trolled[118]. Numerous additional properties of nanomaterials, including
size, composition, shape, surface charge, hydrophobicity, roughness, and
elasticity, can be modified to suit different requirements[142]. It is possi-
ble to manipulate the distribution and behavior of nanomedicines in biolog-
ical contexts by taking advantage of this great engineering potential. Addi-
tionally, functional groups can be added to the surface of nanomedicines to
promote biodistribution, decrease clearance, and enable active targeting[159,
116]. In actuality, nanomedicines can be designed to engage with certain cell
receptors, bringing up new tactics for focusing on particular cell types and
organs. Even with such tremendous engineering potential, active targeting
continues to be one of the biggest obstacles to the development of successful
nanomedicines, and few targeted nanomedicines are now available on the
market, despite the fact that several are in clinical trials [47]. Recent devel-
opments in the field have illustrated how challenging it is to induce targeted
absorption by particular cells. For instance, it has been demonstrated that
the corona formed when biomolecules adsorb on nanoparticles in biologi-
cal contexts can be used to screen the targeted moieties[133, 58]. There are
still some unanswered questions regarding how cell receptors first recognize
nanoscale objects as well as the molecular processes that result in their ab-
sorption and intracellular processing [39, 108, 132]. A deeper comprehension
of these processes can aid in the design of intelligent nanomedicines and im-

proved targeting[70].

For the drug delivery systems (DDS) to release the drugs at the targeting
sites, they need to interact with the plasma membranes. Thus, the very first
encounter of these nanoparticles is with the membrane surface. The surface
of nanoparticles can be modified by different moeities like peptides, pro-
teins, or antibodies, to specifically engage receptors on the membrane sur-
face to enable active control and influence over these first activities. Design-
ing nanoparticles with engineered surfaces that can operate efficiently and
precisely on a target is always exceedingly difficult. This is due to a variety
of reasons, some of which are listed in this review article[47]. Once these
delivery systems come into contact with a biological environment (such as
blood or other fluids), a biomolecular corona is formed. This corona forma-
tion has been found to affect the targeting capability of drug delivery sys-

tems because the nanoparticle surface moieties are obscured by this corona
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formation [133, 58, 23]. Corona formation has been found to be dependent
on various nanoparticle physical properties, including charge, shape, size,
hydrophobicity, rigidity, and surface characteristics. Thus, it is crucial to ex-
ert control over this corona formation in order to accomplish the targeted

delivery of these drug carriers[47].

The DDS, which are loaded with the drugs, can release them either inside the
cells by penetrating the plasma membrane or outside the cells. This interac-
tion process between the DDS and the membranes defines how drugs are
released and can also tell us about the toxicity of these drugs to the human
body. Therefore, it becomes important to make novel DDS, that can easily
be taken up by cells with less toxicity. For this purpose, various DDS have
been developed, like liposomes (80-300 nm), magnetic nanoparticles (10-300
nm), polymerosomes (10-100 nm), carbon nanoparticles (1-5 nm), solid-lipid
nanoparticles (80-300 nm), and dendrimers (1-10 nm). Once these DDS reach
the cellular membranes, they need to interact with it, and there are different
interaction mechanisms [149] which will be detailed in the following section.

1.2 Interaction pathways between a nanoparticle

and the cell membrane

In targeted drug delivery, a nanoparticle used as a drug carrier has first to be
conveyed toward the cell surface. It is current to add ligands to the particle
surface that recognise specific receptors found on the surface of the targeted
cells. Second it should potentially penetrate the cell in order to deliver the
drug at the right place. Endocytosis or direct cell membrane penetration can
both lead to this internalization of the molecule. Figure 1.1 presents a com-
prehensive illustration of the various internalization pathways employed by
the cell membrane. A crucial mechanism for the cellular process of uptake is
endocytosis[110]. The processes of phagocytosis (also known as cell eating)

and non-phagocytosis can both be classified as forms of endocytosis.

Cells such as neutrophils, monocytes, macrophages, and dendritic cells are
able to engage in the process of phagocytosis. Pinocytosis, clathrin-mediated
endocytosis, caveolae-mediated endocytosis, and any other clathrin- and caveolae-
independent endocytosis are all examples of non-phagocytic endocytosis.
Pinocytosis is also known as cell drinking, and in this process, the fluid sur-
rounding the cell is internalized by the cell. All the substances in the fluid
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are taken up by the cells. It has been observed by using atomic force mi-
croscopy that 3.4 nm gold nanoparticles can be taken up by macrophage cells
via pinocytosis [145]. Cells with high concentrations of the cytosolic coat pro-
tein clathrin undergo clathrin-mediated endocytosis[62]. Endocytosis me-
diated by caveolae is performed by 50- 100 nm flask-shaped invaginations
called caveolae. Caveolae are predominant in endothelial cells. During this
process, particles migrate along the plasma membrane to caveolae invagina-
tions, where they are maintained by receptor-ligand interactions. The invagi-
nation then separates from the membrane, producing the cytosolic caveolae
vesicle[97].

The direct penetration of nanoparticles and other foreign particles into the in-
terior of the cell is an additional sort of non-phagocytic pathway. Due to the
fact that it is not receptor-mediated, this pathway has the potential to dra-
matically improve the delivery effectiveness of gold nanoparticles through
the membrane [110], but it is not an easy process. Electroporation is a tech-
nique that is often used to enable nanoparticles to directly permeate the cell
membrane by the application of an electric field across the membrane.

To gain a deeper comprehension of the interaction mechanism at play , theo-
retical models have been employed. In contrast to the findings of experimen-
tal investigations, which identify only a handful of potential pathways for
this interaction, the authors provide exhaustive information regarding the
interaction mechanism. With the aid of simulations, Skolnick et al. discov-
ered that hydrophobic polymers can permeate the bilayer membrane. They
also discovered that the membrane’s curvature influences the interaction pro-
cess [4]. If these DDS are less than five nanometers in size, they can travel
through the membrane’s pores.
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FIGURE 1.1: This figure illustrates various pathways of endo-
cytosis employed by the cell membrane for internalization of
substances. This figure has been taken from reference [110].
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1.3 Influence of nanoparticle properties on the in-

teraction with membranes

The design of nanoparticles can be modified to target specific cell types or
pathways. Size, charge, shape, hydrophobicity, rigidity, roughness, and sur-
face functionalization of nanomaterials are all parameters that can, in theory,
be altered to affect the route of internalization of nano-sized materials and,
ideally, also direct them to a particular intracellular location. I will describe
how these characteristics affect the interaction between particles and mem-

branes in the following sections:

1.3.1 Particle softness

When nanoparticles interact with a membrane, the rigidity (or flexibility) of
the particles plays a very significant role. The soft nanoparticles, while in-
teracting with the membranes, can be deformed, as found in simulations by
Sun et al. They found that the rigidity of the nanoparticles greatly affected
the interaction mechanism, whereby rigid nanoparticles undergo endocyto-

sis more easily than soft nanoparticles [148].

Also, Yue and co-workers studied the interaction between the vesicles and
membranes by using dissipative particle dynamics, and they found five in-
teraction mechanisms like vesicle-membrane adhesion, including vesicle fu-
sion, hemi-fusion, adhesion, endocytosis, and rupture. They also investi-
gated how the pathways of vesicle-membrane interaction depend on the ad-
hesion strength as well as the properties of the membrane and the vesicle
[147].

Another type of soft nanoparticle is the block copolymer micelle (BCM). BCM
are amphiphilic in nature, having hydrophobic cores and hydrophilic shells,
and thus hydrophobic drugs can be encapsulated in these delivery vehicles.
Many studies have been done to see the delivery performances of BCM, and
it has been reported that several physical properties like degree of polymer-
ization and hydrophobic-hydrophilic volume fraction influence these inter-
actions. Mahmud et al. studied the effect of the block chain length of the
hydrophobic and hydrophilic parts of BCM on the internalization of the PEO-
b-PCL micelle by the cancer cells [93]. Also, Guan et al. studied the effect of
the aggregation number (Njgo) of BCM, chain length (N}) of polymers, and
chain stiffness (k,;) of hydrophobic blocks on the interaction mechanism of
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BCM and the plasma membranes, and they found different possible path-
ways of interactions [55]. They observed that the uptake was limited in the
case of short BCM and micelles with small Npgge, on the other hand a higher
cytotoxicity could be induced by too long chain lengths or too big N¢¢. Be-

sides, softer hydrophobic block were more efficiently internalized.

Another important category of these DDS are rigid nanoparticles, and they
have been found to get internalized by endocytosis. The physical properties
of these rigid nanoparticles, like size, shape, charge, etc., have an effect on
this interaction mechanism. Cooke et al. proposed a simulation method that
can study the endocytosis of both rigid and soft DDS particles, while main-
taining the principal properties like surface tension, bending rigidity, and

diffusion constant [26].

1.3.2 Effect of surface charge

The presence of phosphate groups and carbohydrate glycocalyx gives cel-
lular membranes their characteristic negative charge. Because of this, the
charge on the nanoparticle has a significant impact on the interaction of nanopar-
ticles with membranes. Electrostatic interactions cause nanoparticles with
positive charges to have a greater affinity for the cell membrane, whereas
those with negative or neutral charges have a lower affinity for the mem-
brane. Positively charged membranes have been shown to cause severe dis-
turbances, which can then result in cytotoxic effects such as the creation of
membrane holes and a reduction in membrane thickness. Negative and neu-
tral nanoparticles have been found to be less toxic [109, 56]. However, there
are also instances in which the exact opposite is true, i.e. the membrane ex-
hibits greater affinity for negative and neutral particles . Additionally, it has
been claimed that uptake rises with charge density, whether it is positive or
negative[134, 160].

1.3.3 Effect of size

The size of nanoparticles is a key factor that appears to influence the process
of internalization. A common finding is that the ability of nanomaterials to
be absorbed declines with increasing particle size, likely as a result of the sig-
nificant membrane rearrangements required for the internalization of bigger
particles. In certain research, the uptake effectiveness of particles of vari-
ous sizes has been directly evaluated in an effort to determine the ideal size
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for uptake[47]. Based on the size of the nanoparticle Roiter et al. found that
small silica nanoparticles (< 22nm) lead to the formation of the hole, whereas
large silica nanoparticles (> 22nm) are engulfed by the bilayer [128]. Ma et
al. reported that 50nm AulNPs were more easily taken up by cells via endocy-
tosis than 25nm and 10 nm [92]. Wang et al. found that 45nm AgNPs enters
easily into cancer cells than 75nm [156]. This led to the hypothesis that 50nm
AgNps is the optimal size for efficient encapsulation. Size also has adverse
effects and can lead to toxicity, and nanoparticles smaller than 5nm can cause

cellular disruptions [27].

1.3.4 Effect of shape

Another controverse element that affects how a nanoparticle interacts with
a membrane is its shape. Simulations revealed that, based on the energy
required for membrane deformation, spheres would absorb the most energy,
followed by cubes, then rods, and finally discs[86]. However, a recent in vitro
study with gold particles revealed that the internalization of nanoparticles
increased from prism-shaped to spherical to cubic to rod-shaped nanoparti-
cles[18]. Frequently, the effect of shape is investigated by altering the aspect
ratio of nanoparticles. The majority of these studies demonstrated that the
absorption decreases when the aspect ratio is increased[122, 24].

Although the shape of the nanoparticles influences how they interact with
membranes, the results of numerous research have been inconsistent, mak-
ing it impossible to draw a firm conclusion on the relationship between shape
and endocytosis efficiency. The primary reason for this is that it is extremely
challenging to manufacture several shapes that share the same diameter, vol-
ume, and surface chemistry so that they can be compared to one another side
by side. Second, even if we are successful in accomplishing this objective,
the outcomes of their contact with the membranes in the various orientations

given are contradictory[111].

1.3.5 Hydrophobicity

The hydrophobicity /hydrophilicity of nanoparticles plays a significant role
in this interaction, as hydrophilic nanoparticles are assembled outside the
membrane or inside the lipid vesicle, whereas hydrophobic nanoparticles

are inserted inside the membrane [8, 52] and can cause toxic effects such as
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disruptions or hole formations. Martinez et al. investigated the encapsula-
tion of silver and gold nanoparticles inside a polymer-based vesicle namely
poly(oxyethylene)-poly(butylene) diblock co-polymer. They found that sil-
ver (Ag, 1-10 nm) nanoparticles with functionalized hydrophobic surfaces
can be entrapped in the hydrophobic region of the vesicle, whereas hydrophilic
gold (Au, 3-6nm) nanoparticles can be encapsulated in the vesicle’s internal
aqueous pool [95].

1.4 Lipid bilayer as a minimal model of biological

membranes

A cell is the fundamental element of life. The interior of the cell is partitioned
into numerous distinct sections by membranes. These distinct regions house
numerous organelles, each of which performs a distinct function. For exam-
ple, the endoplasmic reticulum (ER) is responsible for the vast majority of
the cell’s synthesis and metabolism, whereas the mitochondria are responsi-
ble for producing the cell’s chemical energy. The Golgi apparatus is respon-
sible for the packaging and sorting of macromolecules, while the nucleus is
the location where genetic material is housed[14]. All cells, whether eukary-
otic or prokaryotic, are surrounded by a cell membrane. The cell membrane
functions as a barrier that selectively allows certain substances to enter and
exit the cell. The transport mechanism across a membrane is either energy-
or diffusion-driven. Due to their minuscule sizes, molecules such as oxy-
gen, water, and carbon dioxide diffuse through membranes during passive
transport[10]. Active transport is driven by energy, and molecules such as
charged ions, sodium, potassium, etc. require specific carrier proteins[100] or
channels to actively transport across membranes[65]. Unless being carried by
specific proteins, membranes are normally impermeable to polar molecules
and ions. But small charged molecules The structure of the cell membrane is

simultaneously extremely thin, elastic, and fragile.

The essential component of the cell membrane is lipid. It is common to con-
sider vesicles made of lipid bilayers as an elementary model of the biological
membranes. The self-assembly of the individual lipid molecules results in
the formation of the lipid bilayer structure. Lipids are amphiphilic molecules
as they possess a hydrophilic (polar head) and two hydrophobic hydrocar-
bon tails, as seen in Figure 1.2 which also shows the atomistic structure of
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Cell membrane

«— Hydrophilic head
a— Hydrophobic tail
. s

Lipid bilayer Lipid

FIGURE 1.2: [TOP]This diagram demonstrates the complex
composition of the cell membrane, which is necessary for both
cellular integrity and function. [Bottom RIGHT] An individual
lipid molecule in the bilayer can be identified by its characteris-
tic structure, which includes a hydrophilic head region and two
hydrophobic tails. The exceptional self-organizing abilities that
this amphiphilic nature endows on lipids lead to the creation
of the bilayer structure seen in cell membranes. This figure has
been taken from reference[14].

common biomembrane lipids. The number of hydrocarbons in the tails de-
termines the length of the phospholipid. One or both of the tails may have
no double bonds (saturated fat), one double bond (unsaturated fat), or many
double bonds (polyunsaturated fat). The glycerol backbone connects the hy-
drocarbon chains to the head group, providing flexibility and independent
rotation for the head and tails. In addition to lipids, cell membranes also con-
tain proteins and cholesterol. Differences in the distribution of lipid species
(membrane lipid composition) at various organizational levels, such as or-
ganism, cell type, organelle, membrane, bilayer-leaflet, and membrane sub-

domain levels, are caused by the structural diversity of lipids [61].

The lipid bilayer can exist in many phases depending on temperature, pres-
sure, and hydration. Additionally, structural properties such as the length of
the hydrophobic tail and the size of the head group influence the phase of
the lipid bilayer. The different possible phases of the bilayer can be the sub-
gel (Lc) phase, where the tails are highly ordered (a very low-temperature
phase), and the gel phase (Lg), which occurs at a temperature higher than
the L. phase. If we slightly increase the temperature where Lg used to ex-

ist, we will get the L’ﬁ phase. These two phases are characterized by higher
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hydration than the L. phase. In the Lg phase, the tails are parallel to the bi-
layer normal, whereas in L7, the tails are slightly tilted with respect to the bi-
layer normal. Further increasing the temperature leads to the fluid or liquid-
crystalline phase (L,). However, there exists a transition phase between the
L’ﬁ and the L, phase, called the rippled phase[75]. All these different phases
of the bilayer are depicted in Figure 1.3.

{*1jL'c- I:h;lj_-'_"f (¢)Lg (d) Py 'f_“]i-a

FIGURE 1.3: Phase diagram showing the various lipid bilayer
phases in relation to temperature and hydration. The sub-gel
(Lc) phase, gel phase (Lg), and fluid or liquid-crystalline phase
(Ly) are depicted, along with the transition phase (L’ﬁ) between
Lg and L,. Each phase is distinguished by distinct configura-
tions of lipid tails and hydration levels, which are essential to
comprehending the dynamic behavior of the bilayer under var-
ious physiological conditions. This figure has been taken from
reference[75].

The mostly studied lipid bilayers in literature are made up of lipid known
as phosphatidylcholines. DMPC, DPPC, DOPC and DLPC are specific types
of phospholipids that belong to the class of phosphatidylcholines. They are
extensively employed as model systems to investigate the properties and be-
havior of lipid bilayers. DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
is a phospholipid with two myristic acid (a 14-carbon saturated fatty acid)
chains. DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) is a phospho-
lipid with two palmitic acid (a 16-carbon saturated fatty acid) chains. DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) is a phospholipid with two oleic
acid (a cis-unsaturated 18-carbon fatty acid) chains. DLPC (1,2-dilauroyl-
sn-glycero-3-phosphocholine) is a phospholipid with two lauric acid chains,
which are 12-carbon saturated fatty acids.
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Chapter 2

Numerical modelling and first

validations

2.1 Dissipative Particle Dynamics

In order to bridge the gap between macroscopic network simulations and
the atomistic simulations, we use a mesoscopic simulation technique called
dissipative particle dynamic (DPD). Figure 2.1 shows different simulations
methods, which correspond to different length and time scales: the meso-
scopic simulation technique bridges the gap between the mico-scale and the
macro-scale. In colloidal suspensions, it is common to predict flow behaviour
using partial differential equations (that include the interaction in the form
of a specific rheology), which are numerically solved to study the system dy-
namics. If the effective rheological properties are valid at the scale of interest
(usually large scales), this approach is the most efficient. Molecular Dynamic
(MD) simulations are usually used to study phenomena at small length and
short time scales. Furthermore they can be used to study flow dynamics (like
eddy formation and Rayleigh-Bernard convection) at microscopic scale, but
this method is not computationally efficient[124, 123, 94].

Particle-based methods have been adopted by physists to study complex flu-
ids. Frisch, Hasslacher and Pomeau pioneered a method of simulation based
on lattice gas automata (LGA)[48]. In this model, each fluid particle is given
a particle lattice and then the movement of different particles is tuned into a
fluid dynamical model. This new model then correctly predicts the Navier-
Stokes hydrodynamic behaviour at coarse grained level and is computation-
ally more efficient than MD. LGA was successfully used to simulate com-
plex systems like colloidal suspensions and polymer solutions[78]. Compu-
tational efficiency was increased in LGA, because particles were restricted
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Micro-Scales Bridging the Gap Macro-Scales
e

Atomistic Methods Continuum Methods

Molecular Dynamics Navier-Stokes
all Discretization Methods

Meso-Scales
Mesozcopic Simmulation

Lattice Bohzmann Method

Dissipative Parlicle Dynamics

FIGURE 2.1: Illustration depicting simulation techniques tai-

lored to distinct study scales. These simulation techniques are

intended to model and analyze a wide range of systems, from

the atomic and molecular to the macroscopic and mesoscopic
levels.

to move from lattice to lattice. But there were problems with this model:
isotropy and Galilean invariance were both broken[48]. The lack of isotropy
was rectified by choosing a lattice with enough rotational symmetry and the
trouble with Galilean invariance was removed by rescaling velocities in sin-
gle phase flows. But for multi-phase flow the problem remained, and the

simplicity and efficiency of LGA was completely lost.

Hoogerbrugge and Koelman [67] proposed a novel approach that integrates
both Lattice Gas Automata (LGA) and Molecular Dynamics (MD) methods.
This model was developed with the intention of preserving Galilean invari-
ance, ensuring that the solutions remain unaffected by changes in the inertial
frame, and maintaining isotropy, where the properties of the system are uni-
form in all directions. The motivation behind this model was to facilitate
the study of multi-phase fluids. This new model consists of N particles in a
volume V, each particle is defined by its position r; and momentum p; with
i = 1...N. These r; and p; are updated after every ét. Since particles in the
system will move and collide with each other and the momenta p; is updated
after every collision and for every particle i. After every collision, the particle

positions r; are also updated, given by

p; = pi + )_ Qe (2.1)
ot
r=r1;+ %pg (2.2)

1

where e;; = (r; —j)/|r; — r;| is the unit vector and ();; defines the momen-
tum transfer from j to i. So we calculate momentum change first and then

the change of position for each particle in the volume V. ();; has a particular
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form, so that conservation laws are satisfied and model has Galilean invari-
ance and is isotropic. To conserve linear and angular momentum we have
Qjj = Qj;. Also, ();; is local, meaning we restrict the momentum transfer to
only neighboring particles i.e Q);; = 0 if |r; — r;| > 7., where r, is some cutoff
distance. Limiting to a system of particles of equal mass, a typical form of
Q) is given below which satisfies all mentioned above things,

Oy = W(|ri — ri){1L; — w(pi — pj)eij} — (3)

where W is a function of |r; — ;| and is weight function and vanishes at r > r,
with n [ W(r)dr = 1, n = N/V is number density, IT;; = ITj is a random
number generator with mean I, and vairance 6I12.

The above choice for ();; leads to well defined equilibrium state. I1;; is a
stochastic term (source term) and tends to heat up the system and w(p; —
pj)eij acts as a sink and tends to relax the system. Both terms together act
as a thermostat. The stochastic term is responsible for maintaining correct
pressure effects and the damping term or sink term is responsible for the
viscous effects. If one term increases the other term decreases to maintain the

system equilibrium.

Dissipative particle dynamics (DPD) is same as the method described by
Hoogerbrugge and Koelman [67] and subsequently reformulated into its cur-
rent framework by Espanol and warren[42]. DPD is a coarse-grained molec-
ular dynamics (MD) simulation technique that is widely used to study meso-
scopic complex fluid phenomena, which are otherwise very difficult to study
by conventional all-atom MD method [67, 41]. Similar to the MD systems,
a DPD model is based on the dynamics of interacting particles, which are
represented by coarse-grained beads that interact via a set of pairwise forces,
whose coarse graining nature allows simulations of fluid systems on a longer
time scale and a larger length scale beyond the capability of MD. The time
evolution of a DPD bead i with a unit mass m; = 1 is governed by the New-
ton’s equation of motion [54],

% =V % = Fi, (2.3)
where the total force F; on a DPD bead i comes from three non-bonded pair-
wise interactions with its neighbouring bead j within a cutoff distance be-

yond which these interactions vanish. The pairwise interactions between
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DPD particles include a conservative force (FS), a dissipative force (Fll]j ) and
a random force (Ff}),

Foo— L (Ff+E] ) (24)
j#i

Fj = ai(1—r;/roy, (2.5)

F) = —vyywp (ry) (8- vij) B, (2.6)

FS = Sijwg (ry) dt /26,1, (2.7)

where a;; is the conservative force coefficient called repulsion parameter, r;; =
|rij| = |ri —rj| is the distance between particles i and j, and 7 is a cutoff
distance for pairwise interactions. Ej = ri]-/ rij is a unit vector pointing from
particle j to particle i, and v;; = v; — v; quantifies their velocity difference.
dt is a time step for time integration of the equation of motion, and 6;; is a
Gaussian random variable with zero mean and unit variance. Also, Vij is the

dissipative coefficient and ¢;; sets the strength of random force.

The conservative force is responsible for the static properties of the DPD
fluid, which determines the liquid compressibility and solubility [54]. Thus,
the value of the repulsion parameter a,, for the same type of particles can
be determined by matching the compressibility of modeling fluid, while the
mutual solubilities between different beads is determined by the values of
ayy for different types of particles. In general, the Flory-Huggins x-parameter
is linear with respect to the excess repulsion Aa, which is defined by Aa =
Ayy — Axx Where ay, represents same type of beads and a4,y stands for differ-
ent types of beads [54]. Setting repulsion parameters small for same type
beads and large for unlike beads will generate a positive Flory-Huggins x-

parameter leading to phase separation [88].

To have correct canonical distribution functions, the dissipative and random
forces are related by satisfying the fluctuation dissipation theorem in the
form of [76],

51‘2]‘ = Z'YijkBT, wD(i’ij) = w%(rij) =(1- rij/rd)s, (2.8)

where kg is the Boltzmann constant and T is the temperature. wp and wp are
weight functions for dissipative and random forces, respectively. The expo-
nent s changes the shape of the weight functions and is modified to adjust
fluid viscosity and diffusion in order to have a reasonable value of Schmidt
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number [45, 150]. These two non-conservative forces together act as a ther-
mostat to maintain an isothermal condition for the DPD fluid. This thermo-
stat is achieved through pairwise interactions and conserves both linear and
angular momentum, which leads to the correct description of hydrodynam-
ics [42]. The cutoff radius r; of the dissipative and random forces is in general
equal to that of the conservative force 7. in the DPD model. However r; can
be set to larger values in order to increase the bead momentum transfer with

respect to their diffusion.

For bonded DPD particles, i.e., polymers with a chain-like structure, addi-
tional bond interactions should be included as well. For example, a harmonic

spring quadratic potential is computed by,

U, = (1/2)ky (r—r0)*, (2.9)
Up = (1/2)ke (6 —60), (2.10)

where 75 and 6y are the equilibrium lengths and angles, and kj, kg are the
spring constant and angular bending stiffness, respectively.

In molecular dynamics simulations, the assignment of initial velocities is a
crucial step, determined by the equipartition principle, which states that each
degree of freedom in a system possesses an average energy of %mvz = kBTT,
where m is the mass of the particle, v is its velocity, kp is the Boltzmann con-
stant, and T is the temperature. Consequently, the initial velocities depend

on the temperature of the system.

Once the initial velocities are established, potential energy (V) is computed
using force fields, which are mathematical functions representing the inter-
atomic interactions within the system. These force fields encapsulate the
energetic contributions from bonded and non-bonded interactions, van der

Waals forces, electrostatic interactions, and other relevant forces.

Subsequently, the resultant forces acting on each particle are calculated by
taking the negative gradient of the potential energy, as described by the equa-
tion F = —VV. These forces dictate the motion of the particles during the
simulation and are updated at each time step using numerical integration
techniques, such as the Verlet algorithm or the leapfrog method.
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The velocities and positions are updated on each atom at each time step using

different algorithms like Euler-type algorithm[67]

r;(t+At) = I'l'(t) + Atvi(t)
Vi(t + At) = Vi(t) + Atfi(t)
fi(t+ At) = f:(x(t + At), v(t + At))

Care must be taken with the random force which becomes
R_ s R\ rs—1/2¢
Fjj = ow (rij) GijAt;;

where ;; is a random number with zero mean and unit val ance, again chosen
independently for each pair of interacting particles and at each timestep. The

appearance of At~1/2 this expression will be discussed below.

For dissipative particle dynamics (DPD), a modified velocity-Verlet algorithm
is used [1]:

ri(t+At) = I‘l'(t) + Atvi(t) + %(At)zfi(t),

Vi(t + At) = Vz'(t) + )\Atfi(t),
£(t+ AF) = £(x(t+ AL, ¥(E+ AL)),
1

Vi t+ Af) = Vi(t) + EAt (fl(f) + fi(t + At)) .

we can recover the actual velocity verlet algorithm by taking A = 3. Once
we update the velocities and positions on each beads in the DPD model us-
ing modified velocity-verlet algorithm, we repeat the same process for large
number of integration steps and this gives us a trajectory, which is the final

step of the MD simulation.

We always want the equilibrium distribution to have a Gibbs-Boltzmann dis-
tribution, but once we introduce the random and dissipative forces in the
system, the equilibrium distribution moves away from the Gibbs-Boltzmann
distribution and in order to have the Gibbs-Boltzmann distribution, we need
to satisfy wp(r) = wk(r) relation. This means that all thermodynamic rela-

tions can be transferred to new situtions.

DPD differs from previous approaches, such as Monte Carlo techniques and
dynamic density functional theory, in that it respects hydrodynamics while
guiding the system toward a state of ordered thermodynamic equilibrium.

DPD has a soft interaction potential (F¢) compared to other approaches like
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the Lennard-Jones method, allowing for bigger time-steps than are often em-
ployed in MD simulations. By incorporating noise and friction into the sim-
ulation method, we can effectively capture the hydrodynamic regime even

with a small number of particles and time steps.

2.2 LAMMPS Software

The LAMMPS input script has been carefully designed to enable the imple-
mentation of Dissipative Particle Dynamics (DPD) simulations. The simu-
lation box used is a cubic box. The fundamental basis of our simulation
methodology is around the utilization of the pair-style DPD, a particular
pair-style within the LAMMPS software package that assumes a crucial role
in governing interparticle interactions. The pair-style employed in our sim-
ulation is crucial for accurately representing the complex dynamics of the
system by defining the inter-particle forces. In addition, it sets a predeter-
mined cutoff distance at which particle interactions are not included. The
DPD pair-style also incorporates the three essential DPD forces along with

their corresponding force coefficients, hence ensuring reliability of our simu-
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FIGURE 2.2: Visualization of Periodic Boundary Conditions
(PBC)

In our simulations, we carefully select an initial structure, which can be based
on experimental data or modeling information. The initial structure is incor-
porated into the simulation through the utilization of a data file, which con-

tains all the information about the system. The selection of the atom-style
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takes into account both the bonds and angles formed between atoms in our
system. The precise utilization of harmonic potentials accurately represents
the bonds and angular interactions among particles. The provided frame-
work functions as a thorough plan for the system, incorporating essential
elements such as the lipid bilayer, micelle, and solvent. In our simulations,
the use of periodic boundary conditions (PBC) guarantees the precise de-
piction of an infinitely recurring lattice, consequently upholding a uniform
environment for every molecule during the simulation. This methodology,
as depicted in Figure 2.2, guarantees that each molecule exhibits uniform be-

havior as if it were confined to the central box.

In order to enhance computational efficiency, our simulations utilize a neigh-
bor list, which is a crucial process to detect pairs of particles that are in close
proximity and thus likely to engage in interactions. The variable skin is used
to determine the cutoff of the neighbor list. The neighbor list is updated
when a particle moves a distance greater than this cutoff. For our large-scale
simulations, we carefully consider the handling of inter-processor commu-
nication, which is carried out in parallel to maximize computing efficiency.
Effective information transmission between processors is critical to maintain-
ing the reliability and accuracy of molecular dynamics simulations run on
several processors in a parallel computing environment. The version of the
LAMMPS software employed in our simulations was the September 2017 re-

lease.

Termnps

100000 T 7 -
100x100x100 CPU re=1 ntime=30000 ]
100x100x100 GPU rc=1 ntime=30000 :
150%150x150 CPU rc=1 ntime=30000
150x150x150 GPU rc=1 ntime=30000
150x150x150 CPU rc=2 ntime=30000
30x600x500 CPU re=1 ntime=30000 s
30x500x500 GPU rc=1 ntime=30000 .
500x500x500 CPU re=1 ntime=30000 —s—
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FIGURE 2.3: Simulation time as a function of the number of
nodes. We have different box sizes in DPD length units of ..
The pair-style cutoffs are taken as 7. = 1 and . = 2.
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Since the simulation domains used in this work are relatively large, we car-
ried speed up tests, in order to choose the optimal number of nodes (CPUs)
needed to run parallel simulations. We tested different box sizes and pair-
style cutoff values (r. = 1 and 7. = 2). All cases are run for a time of 30007
(where 7 is the DPD time unit). The supercomputer jean-zay (at IDRIS) was
used for those tests. Both CPU and GPU simulations showed a significant
speedup as we raised the number of nodes as shown in Figure 2.3. As we in-
creased the number of nodes above 20 (approximately), the simulation time
becomes almost constant. In most of our simulations, the number of nodes
taken was between 10 and 20. Nevertheless, we realized that the physical
time required to run the simulations on CSL (CPU) et V100 (GPU) partitions
is almost the same. Knowing that the effective cost of a computation hour on
GPU is (currently) almost 100 times more expensive than on CPU, we limited
our computations to the CSL partition at jean-zay.

2.3 Numerical setup

Dissipative Particle Dynamics (DPD) has proven to be a useful tool for sim-
ulating complex fluid systems, however, accurate parameterization is crucial
for achieving reliable results. In order to setup a simulation frame, one needs
tirst to coarse grain the system of study and then set the DPD parameters
that are not completely independent of the system coarse-graining. Groot &
Rabone [53] were pioneers in studying model biological membrane (in the
form of lipid bilayers), using the DPD method. Our system parametriza-
tion follows closely their methodology. GR will denote the study of Groot &

Rabone in the following.

2.3.1 Coarse-graining

In the system of interest for our study, we have to represent water (which is
the solvent in this study), lipid chains (which form the bilayer) and polymer-
like molecules (which will form the micelle discussed in next chapters). Fol-
lowing GR, each three water molecules are lumped into one DPD bead. The
lipid chains are phosphatidylethanolamine (PE). In their coarse-graining strat-
egy, every three carbon atoms are lumped into one DPD bead, that will be
called c. Moreover, the e bead represents 1.5 EO (ethylene oxide) groups. The
e beads are same as h beads in terms of volume. The e represents the glycerol

backbone and h represents the ethanolamine group. In this way, each lipid
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molecule has five tail beads and three head beads as shown in Figure 3.1.

For polymer-like molecules, we use, like GR, non-ionic surfactants such as
(C12EO¢) or C9EOs. Following the same coarse-graining method as for the
lipid, this leads to use the notation cse4 to represent the non-ionic surfactant
(C12EOg). This coarse-grained representation is displayed in Figure 3.1. It is
important to note that the mapping of atoms to DPD beads is based on the
principle of equal volumes, ensuring that each DPD bead occupies the same

volume.

FIGURE 2.4: Coarse graining of the lipid molecule. The ¢ rep-
resents 3 CH3 molecules, e bead represents 1.5 EO (ethylene
oxide) groups. Each bead (c,e,h) represents a volume of 90A3.

We note here that each DPD bead does not possess a real volume: the forces
are only attributed at Lagrangian points in space. However the domain dis-
cretization in Lagrangian points leads to physical volume represented by ev-
ery DPD bead, and one can associate the unique length scale in the DPD
model 7. to a physical length scale. In the coarse-graining used here, every
bead has a volume of 9043, equal to the volume of three water molecules.
The number density p = 3, implying that within a unit volume in the DPD
domain 172 (r representing the typical distance between DPD beads), there
are 3 DPD beads, occupying therefore a volume of 90 x 3 = 270A3. Further-
more, the physical length-scale for interactions in the system is determined
by r. = v/270A3 = 0.646 nm.
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2.3.2 Choosing the parameters

The choice of a;; coefficients is very important. As mentioned in the previous
section, it influences the compressiblity of the fluid and solubility between
different beads. More than that, it also impacts, in conjunction with the sys-
tem temperature, the phase behavior of the lipid bilayer (fluid or gel-like
phase). Thus they have to be chosen carefully. The values of the 4;; coeffi-
cients will be given in the next sections, according to two different methods
(i.e SET1 and SET2).

The choice of the time-step (At) is crucial in striking a balance between sim-
ulation speed and the simulation accuracy. Regarding the value of noise or
random parameters 4, it is classical in the DPD community to use § = 3.
Moreover, it is also common to use kgT = 1.0. By employing the relationship
6% = 29kpT from fluctuation-dissipation equilibrium, vy is calculated accord-
ingly.

Additionally, the parameters of the springs connecting the beads in each
molecule should be set. We used angular bending stiffness, kg = 6.0 in all
simulations, and the following equilibrium angles 67 = 180° (e.g between
(c-c-c) or (e-h-h)), 65 = 135° (e.g between (c-c-e) or (c-e-h)), 85 = 90° (e.g
between (c-e-c)), as shown in Figure 3.1.

As for the linear stiffness, we have taken different values in different sets.
By default, LAMMPS removes the conservative force F C between beads con-
nected in a chain. In this case, we have used k = 100, in order to ensure high
stiffness and keep the beads around a relative equilibrium position g = 0.77.
However, the command "special_bond" allows to account for the conserta-
tive force FC while a spring stiffness k;, = 4 is used, like in the work of GR,
whereas rq is set to 0 (no need for a relative equilibrium position if the con-

servative force is activated).

2.4 Calculating the physical properties

Post-processing was performed on the numerical data in order to extract the
physical properties of interest. Some of them are introduced in this chapter,
and others will be introduced in the next chapters.
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24.1 Density profiles

During the simulation, we calculate the average density profiles in slabs per-
pendicular to one direction. For instance, if a membrane is parallel to the
plane yz, we divide the domain in slabs parallel to this plane, with a thick-
ness dx = 0.1. Then the average bead density in each slab is calculated every
2 time steps, once the simulation starting from the instant where the simula-

tion has reached the steady state.

2.4.2 Interfacial tension (IFT)

If the fluids are fully miscible, there is no surface tension between the species.
However as soon as there is an interface, surface tension is in general differ-
ent from zero. One can compute the IFT from the stress anisotropy at the
interface, and more particularly from the difference between the normal and
the tangential stress. This difference cancels in the solvent, but not at the
interface. We calculated the IFT from the volume integral of the stress differ-

ence in the domain:

1 1
IFT = /V |:pxx — 5 (pw + p=) | 4V (211)

where pyy is the normal stress (x being the direction normal to the bilayer)
and (pyy + pzz) is the tangential stress.

2.4.3 Diffusion coefficient

If the motion is diffusive, the diffusion coefficient is in general obtained from
half of the slope of the the mean-square displacement (MSD) as a function
of time, as long as the MSD dependence on time is linear. The mean-square
displacement of a given specie was calculated from the ensemble average
over the beads of the same specie. If x;( denotes the initial position of a bead
along direction i, then the mean-square displacement MSD; of the ensemble
of beads in direction i can be calculated straightforward from the simulations,

since the position of all the beads is known at every instant:

MSD; = ( (xi(t) = x;0)%) (2.12)

The link between the MSD computed from the numerical simuations and the

MSD of the molecules in the real fluid depends on the coarse-graining. We
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will write the correspondence between both quanities for water, following
what is written in [53]. For water, each bead represents 3 water molecules.
When water molecules move over the vectors R;, R, and Rj3, their center of
mass moves over the vector Ry = (R; + Ry 4+ R3)/3. Hence, the ensemble

average of the mean-square displacement of the water beads is:

R% = (Ry -Ry)
= ((R1-Ry) + (R2- Ry) + (R3 - R3)) /9. (2.13)
— R?/3

where R? is the mean-square displacement of a water molecule. Since the
mean-square displacement of the water beads is one-third of that of the wa-
ter molecules, the diffusion coefficient of the beads is one-third of that of
water. This should be taken into consideration when finding the correspon-
dence with the physical time scale, associated with diffusion. Indeed, while
the connection of the DPD length scale with a physical length scale repre-
sentative of the system of interest is straightforward, the mapping between
simulation time and physical time scale depends on the phenomenon of in-
terest. Note that, for pure water the experimental diffusion constant Dyater =
(243 £0.01) x 107> ecm?/s [115, 99].

2.5 Preliminary simulations

In this section, we validate our DPD parameters by reproducing the results
of Groot & Rabone’s seminal work[53]. Their work on lipid bilayers utilizing
DPD simulations yielded important insights into the structural and dynamic
properties of these systems. By comparing our results to theirs, we hope to
determine the accuracy and dependability of the DPD parameters we have
selected.

2.5.1 Lipid bilayer with the Groot & Rabone parameters

Like in Groot & Rabone(GR) work[53], the coefficients of the conservative
force FC are given in table 2.1. A time-step (At) = 0.03 was used to yield an
equilibrium state, the thermostat k; T = 1, the linear spring stiffness k; = 4.
As for the exponent of the weight function, it is s = 2 in the standard DPD
model.
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Preliminary simulations were carried to calculate the diffusion coefficient of
the water beads. A cubic periodic simulation box of size (20r.)® was used,
filled with DPD beads of type W. From the half-slope of the average MSD in
time, the self-diffusion constant was found D = 0.151’% /T, where T is the time
unit. A larger box size, (40rc)3, was also tested. We did not find any differ-
ence in the diffusion coefficient values comparing the water bead diffusion

coefficient in both cases.

(w) [(c) [{e) | (h)
w) | 780 | 1040 | 79.3 | 75.8
c) | 104.0 | 78.0 | 86.7 | 104.0
Y [79.3 |86.7 | 780|793
Y [75.8 | 104.0 | 79.3 | 86.7

|~~~
=0

TABLE 2.1: a;; coefficients in Groot and Rabone

2.5.2 Area per lipid a9

Then simulations were run with a bilayer containing 200 lipids (two layers
of 100 lipids each) for a total run-time of 6 x 10° time units. The box size is

(30.00,11.55,11.55)r2. The area per lipid, a9 = 1.33r2, was found to lead to a
kBT

tensionless lipid bilayer. The surface tension was found to be o = 0.006

Considering that 17, = 6.46A, this leads the area per molecule to be 55. 50A

ag found here is smaller than that found by GR, which corresponds to 66.8 &
0.1A%. Note that the article does not describe all the details used to run
the simulations, for instance, the angular stiffness of the lipids chains and
the value of the in-ter-fa-cial tension to which their system converges (they
used an iterative scheme in order to adjust the domain size in a way to re-
duce/increase the surface tension of the bilayer. In experiments with DPPC
in the L, phase, the typical area per lipid is found in the range [57.6 — 70.9]A2,
according to Nagle and Wiener [103].

Density profile

Figure 2.5 illustrates the density profiles of the different bead types: hy-
drophobic (tails), hydrophilic (heads) and water closely match those obtained
by Groot & Rabone[53]. One can estimate from those profiles the bilayer
thickness, from the distance between the head peaks, which is found here to
be 5.8 ..
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Number density

FIGURE 2.5: [LEFT] Density profile from simulations carried

with GR parameters for large bilayer. The red, green and blue

curves correspond to hydrophobic tails, hydrophilic heads and
water beads. [RIGHT] VMD snapshot of the large bilayer.

Lateral diffusion of lipids

The diffusion coefficient of the lipids in the normal direction is negligibly
small at the time scale of the diffusion coefficient measurement. Neverthe-
less, diffusion coefficients of lipids in the bilayer plane is different from, and
it is intimately related to the viscosity of the bilayer. We computed the lateral
diffusion of lipid molecules inside the bilayer (along the plane yz) from the
simulations of the bilayer with 200 lipids. The simulation was run for 6 x 10°
time units. From half of the MSD slope at long time, it is found that the lateral
diffusion coefficient is D g1 = 8.19 X 107372 /1.

Another simulation was carried with larger bilayer (3200 lipids) for a time
of 10° time units, keeping all the remaining parameters unchanged. To ap-
proach the tensionless bilayer state, a box size of (30,46.10, 46.10)1’;? was used.
The associated surface tension was ¢ = 0.009kgT/r2. This leads to ag =
1.3372 like for the smaller bilayer. However, the lateral diffusion coefficient
of the lipids in the 3200 bilayer (D 5 = 4.11 X 107372 /7).

In order to be able to compare our results with the work of [53], we should
convert the results from DPD units to physical units. The authors suggested
that the physical time scale can be obtained by writing a correspondence
between the diffusion coefficient of the water beads in the DPD, i.e. D =
0.151’? /T, and Dyqter /3 (as explained above, since one bead represents the
center of mass of 3 water molecules), where the water diffusion coefficient
is Dyater = 2.43 x 10™2cm? /s [115, 99]. Knowing that r, = 6.46A, matching
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both diffusion coefficients leads to the time scale as following;:

L _3x015x (0.646)2
243 x 1075 cm?2/s

— 77.3ps (2.14)

Thus, the lateral lipid diffusion coefficient in the small bilayer is D g0 =
8.19 x 10_31’%/1' = 0.044 x 10 2cm?/s. Again, this value is close to the value
found by Groot & Rabone in their paper D =~ 0.06 x 10~°m? /s, but does not
match it perfectly. Experimentally, the values of lateral diffusion coefficient
of DOPC lipid bilayer are in the range of D;; ~ 0.036 x 107> cm?/s and
Dy ~ 0.02 x 107> cm? /s [25, 119]. For POPC lipid bilayer, the simulated
values of lateral diffusion coefficient of POPC lipid bilayer are in the range
of Dy =~ 0.022 x 1075 cm?/s and D;;; ~ 0.027 x 1075 cm?/s [11, 162]. For
DOPC lipid bilayer, the MD simulated values of lateral diffusion coefficient
of DOPC lipid bilayer is Dy, =~ (0.03 £ 0.6) x 107> cm?/s [43].
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FIGURE 2.6: The Mean Squared Displacement (MSD) of lipid

molecules in 3200 lipid bilayer along yz plane with SET1 and

GR parameters. The slope of these curves gives lateral diffusion
coefficient in lipid bilayer.

2.5.3 Lipid bilayer with SET1 parameters

In the following chapters, I will use another set of parameters in order to
model the polymer micelle and the lipid bilayer. The main difference with re-
spect to the GR parameters owes to the coefficients of the conservative force
(a;; parameters) which are inspired from the study of Kranenburg and Smit
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FIGURE 2.7: [LEFT] Density profile from simulations carried

with SET1 parameters for large bilayer. The red, green and blue

curves correspond to hydrophobic tails, hydrophilic heads and
water beads. [RIGHT] VMD snapshot of the large bilayer.

[75] (see table 3.1). Also, the exponent of the weight function of the dissipa-
tive force s = 0.5 is used instead of s = 2. This increases the energy dissi-
pation in a way to increase the apparent viscosity and decrease the apparent

diffusion in the medium.

TABLE 2.2: a;; parameters for SET1

lll']' W H T

W 25.0 | 15.0 | 80.0
H | 15.0 | 25.0 | 80.0
T |80.0|80.025.0

With the repulsion coefficients mentionned in Table 3.1 and k;T = 1.0, the
bilayer exhibits the fluid phase [75]. The time step is equal to 0.017. For
calculating the solvent diffusion coefficient, a cubic periodic simulation box
of size (20r.)> was used and simulation was run for 10° time units with only
water beads. The value of the bulk diffusion coefficient was calculated from

the slope of mean square displacement curves and the value is D = 0.10r2 /.

Area per lipid a9

Then we carried simulations with a bilayer containing 200 lipids. The box
size for the SET1 was (30.00, 11.96, 11.96)r2. The area per lipid ag = 1.43r2
has led to small interfacial tension, 0.001kgT /2. This area per lipid corre-
sponds to ~ 59.682. The simulation was run for 6 x 10° time units for small
lipid bilayer and 10° time units for large bilayer.
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Density profile

We carried simulations with a larger bilayer, containing 3200 lipids. The box
size was set to (30.00,47.80,47.80)r2 in that case, leading to ag = 1.43r2. Fig-
ure 2.7 displays the density profiles obtained using this setup. The density
is slightly exceeding 3 within the bilayer, and it is equal to 2.94 in the water
phase.

Lateral diffusion of lipids

As for the lateral diffusion of lipids, it was also calculated for both the small
and large bilayers. We found that D) ;,,,;; = 8.99 X 107372 /7, and that Dy jarge =
5.2 x 107372 /7. The decrease of the lipid lateral diffusion with the membrane
size is similar to the observation mentioned in the previous section. In order
to compare this lateral diffusion with the existing literature, we calculated
the physical time scale associated with water diffusion:

L 3x010x (0.646)?
243 x 1075 cm?2/s

= 51.5ps (2.15)

Now we can compute the correspondence between the diffusion coefficient
in the simulations and the physical world. Within the smaller bilayer, the
lateral diffusion is then Dy g0y = 8.99 X 107372/t = 0.073 x 10~°cm? /s,
whereas in the larger one, D) j5,e, = 5.2 X 107372 /7 = 0.042 x 10~ 2cm? /s.
Thus, these values, like those obtained with the GR parameters, lead to re-
sults that can be interpreted on a physical ground. Table 2.3 summarizes all
those results.

Test D” (é) Nlipids APL (1’%) IFT (é) S
GR [411x1073] 3200 1.33 ~ 0.009 | 2.0
GR [819x1073| 200 1.33 ~ 0.006 | 2.0

SET1 | 52 x 103 | 3200 1.43 ~002 |05
SET1 | 899 x 103 | 200 1.43 ~ 0.001 | 0.5

TABLE 2.3: Comparison of the lateral diffusion coefficient of the
lipid beads within two sets of simulations in 200 and 3200 lipid
bilayer. APL represents the Area Per Lipid, IFT represents the
Interfacial Tension, and Njjpigs denotes the number of lipids in
the bilayer. The parameter s is 2.0 for GR and 0.5 for SET1.
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2.6 Conclusion

In this chapter, the DPD method is first explained. This method will be used
to investigate the Brownian motion of a micelle near a bilayer (chapter 3 and
4), as well as properties of hybrid bilayers (mixture of lipids and polymers)
in chapter 5.

We have tried to validate the LAMMPS software in a configuration of interest
for this study. Thus we considered a lipid bilayer, and computed the area per
lipid, density profile and lipid diffusion in the bilayer and compared them
to the seminal work of Groot & Rabone [53]. We have used two different
parameter setups, the first being similar to that of Groot & Rabone, and the
second being the setup used in the simulations carried for the next chapters.
When converted to physical units, our results agree qualitatively with the
existing (experimental and numerical) data on this subject.

As a final note, we would like to mention that setting a weak surface ten-
sion is important for the simulation of lipid bilayers: in lipid vesicles (at the
macro-scale the characteristic lengths are of the order of micrometers in gen-
eral) the bilayer adjusts the area per molecule in order to tend toward this
state. In this work we have proceeded by trial and error in order to find
the area per lipid that leads to low interfacial tension. A more tractable ap-
proach would be to adjust the domain size dynamically. For instance the
domain can be stretched /compressed in the x direction while the other box
dimensions are adjusted in a way to conserve the volume. This procedure is

recommended for future studies.
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Chapter 3

Physical characterization from

numerical simulations

The physical model and numerical tool were explained in the previous chap-
ter. Before we study the coupled dynamics of a soft particle near the model
membrane, we attempt to study separately in this chapter, the key behavior
of each component as a function of the numerical setup.

3.1 Simulation setup

The system setup consists of lipids self-assembled in a bilayer, and amphiphilic
surfactant-like molecules self-assembled in micelle freely moving in solvent,
as illustrated in Fig. 4.1 (the solvent is not shown here for more clarity). Self-
assembly is promoted from the initial molecule configuration. The coarse-
graining follows closely the work pioneered by Groot and Rabone [53] and
used frequently in the literature (see [15] for example). Each DPD bead rep-
resents a volume of 90A3. Since the volume of a water molecule is approx-
imately 3043, every DPD bead represents 3 water molecules. The number
density in the simulations is set to p = 3. Consequently, the characteristic
interaction distance between two DPD beads r. corresponds to the physical
length-scale V/3 x 90A3 = 0.646nm. Also, for the amphiphilic surfactant-like
molecules, we adopted the same coarse-graining rule, each DPD bead rep-
resenting a volume of 90A3, which presumes that the density of the whole

system is close to that of water.

The lipid bilayer was constructed from the assembly of the molecules like
the one displayed in Fig. 3.1. It is composed of a polar head segment divided
in three hydrophilic beads and two tails formed by four hydrophobic beads
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FIGURE 3.1: Coarse-graining of a) lipid molecule and b) A, B,
monomeric molecule.

each, connected by the glycerol group (the bead ¢ in Fig. 3.1). Three CH,
atoms are grouped together to form a hydrophobic ¢t DPD bead.

TABLE 3.1: Coefficients of the conservative force a;;. W, H

and T denote water, lipid head (hydrophilic) and lipid tail (hy-

drophobic) beads, respectively. A and B beads in the polymer
molecules behave like H and T, respectively.

Eli]' W H T

W | 25.0 | 15.0 | 80.0
H | 15.0 | 25.0 | 80.0
T | 80.0 | 80.0 | 25.0

The closest lipid molecules to the one considered here are the DLPC(dilauroyl-
sn-glycero-3-phosphocholine, with 12 carbon atoms), and the DMPC (dimyristoyl-
phosphatidylcholine, with 14 carbon atoms per tail), the latter being more
frequently studied in the literature on lipid bilayers. The interaction coeffi-
cients a;;, between hydrophobic ¢, hydrophilic & and water beads w, as well

as the thermal energy kpT are chosen such that the lipid bilayer falls in the
fluid phase according to the study of Kranenberg and Smit [75]. Those coeffi-
cients, summarized in table 3.1, are identical to the so-called SET1 in Chapter

2.

The simulation box is periodic in all directions. Ly, L, and L, denote the box
dimensions in x, y and z directions, respectively. These dimensions will be
marked explicitly for the different simulations carried. The water molecules
fill the simulation box, after the bilayer and/or micelle molecule positions
and orientations are initialized. The two leaflets of the bilayer contain an
equal number of lipid molecules. These molecules are initially disposed par-
allel to the yz plane, in a way to promote their self-assembly in the form of
a bilayer. The micelle is formed with an aggregation number set to 200 for
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any micelle size: the self-assembly is initially promoted by orienting the hy-
drophobic segments of the chains toward the micelle center at the beginning
of the simulation. The micelle remains stable, with no fragmentation events

observed in the frame of the simulations carried for this work.

The simulation results are expressed in terms of length (r.), time T and energy
(kgT) in DPD units. It is common that works with the DPD consider that the
time scale is associated with the thermal agitation of the DPD beads, i.e. T =
rev/mo/kgT. The correspondence between the simulation time unit and the
physical time will be given once the characteristic time scales are discussed
in Chapter 4.

We set the thermal energy to kgT = 0.8, and the exponent in the weight func-
tion of the dissipative force to s = 0.5, following Li et al.’s work [86]. Uniform
random number generator has been used for this work, as it takes less CPU
time than the Gaussian random number generator, while no statistical differ-
ence was found between these two types of generators [53]. As for the bond
springs, we set the linear stiffness to k;, = 100, the equilibrium distance be-
tween connected beads to rp = 0.7 and the bending stiffness kg = 6.0. The
equilibrium angles between two adjacent bonds are 619 = 1807, 69 = 90°
and 639 = 135 as illustrated in Fig. 3.1.

TABLE 3.2: Parameters of the DPD model corresponding to the
so-called SET1 and SET2 simulations.

| Parameter | SET1 | SET?2 |

kgT 0.8 0.8

S 0.5 0.5

Te 1.0 1.0
14 1.0 1.0
d; 0.01 | 0.005
) 3 5

n 1.7 16.2
Sc 7.5 443

Prior to characterizing micelle and bilayer properties, it is necessary to clar-
ify two discrete sets of simulation parameters used for micelle and bilayer
simulations. These parameter sets (detailed in Table 3.2) allowed to cap-
ture different system dynamics with different time scales. Their description
serves as a prerequisite to the analysis of micelle and bilayer properties. In
the first one, called SET1 hereafter, standard DPD parameters are used. The
cut-off radius r, = 1 is identical for the conservative, dissipative and random
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pairwise forces. The strength of the random force is § = 3 and accordingly
v = 6%/2kgT = 5.625. The time step is dt = 0.01. In another set of simula-
tions called SET?2, the cut-off distance of the conservative force is maintained
equal to 1. However, the cut-off distance to the dissipative and random forces
is set to 1.37.. The strength of the random force is 6 = 5, and correspondingly
v = 15.625. The time step dt = 0.005 guarantees the simulation stability.

Those parameters allowed for adjusting the diffusion coefficient and viscos-
ity of the DPD model (a similar strategy has been used for instance by Pieczy-
wek et al. [120]): the dynamic viscosity is larger and the DPD bead diffusion
is smaller in simulations based on SET2 compared to SET1. The ratio between
the kinematic viscosity and diffusion of the DPD beads leads to the charac-
teristic dimensionless Schmidt number Sc. The values of Sc corresponding
to SET1 and SET2 parameters are included in table 3.2. Those values are cal-
culated theoretically following the work of Li et al. [87], assuming uniform
pair bead distribution. One can also calculate, directly from the numerical
simulations, the fluid viscosity (obtained from the Poiseuille flow profile of
a DPD fluid submitted to constant body force) and self-diffusion coefficient
(obtained from the mean square displacement of the DPD beads submitted
to kgT). In that case, the numerical values obtained with SET1 are 1 = 1.86
and D = 0.11, leading to Sc = 5.6, whereas the numerical values obtained
with SET2 are # = 17.1 and D = 0.01, leading to Sc = 570. The discrepancies
between the numerical and theoretical values of #7 and D is of the order of
10%. The Schmidt numbers suggest that in SET1 simulations the DPD fluid
exhibits a rather gas-like dynamics, whereas in SET2 simulations the DPD

fluid exhibits a liquid-like dynamics.

3.2 Lipid bilayer: static and dynamic properties

Lipid membranes belong to a special class of membranes that can be eas-
ily deformed by external stress and also experience thermal fluctuations that
increase their configurational entropy. Depending on the conditions (tem-
perature, pressure, and hydration), a lipid bilayer can go through a variety
of phases. The phase of the bilayer is also influenced by structural character-
istics like head group size and hydrophobic tail length. The parameters used
in this study, particularly the interaction coefficients and the thermal energy,
lead the lipid bilayer to behave as a fluid phase [75].
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y

FIGURE 3.2: Simulation box depicting lipid bilayer with hy-
drophobic read beads and hydrophilic yellow beads. The sol-
vent is transparent for clarity.

¢

The simulations are carried out with squared membranes in order to promote
spatial symmetry of the membrane fluctuations. The box dimension in the y
and z directions are Ly, = L, = L. As the simulation box is periodic in the
y and z directions, the value of L sets the area per lipid molecule 4, such
that Nja/2 = L2, with N, denoting the total number of lipid molecules in
the bilayer (N;/2 is the number of lipid molecules in one leaflet). In order
to verify the bilayer state, we calculated the bilayer thickness and its order
parameter S. The bilayer thickness ¢, can be defined in different ways. In our
study, it is calculated from the average distance between the top hydrophilic
heads in the two leaflets. The bilayer thickness is found to be t, = 6.50]r.] in
simulations based on both SET1 and SET2. The order parameter is given by

_ (Bcos?(a) —1)
S = > ,

(3.1)

where a denotes the angle between the vector connecting the first and last
beads in the tail of a lipid molecule and the bilayer normal. The brackets
denote the ensemble average over the lipid molecules. Asymptotically, the
order parameter tends to 1, if the average lipid tails are parallel to the normal
to the bilayer surface, to —0.5 if they are perpendicular, and to 0 if the tail
orientation is random. In most of the simulations carried out for this work,
the order parameter is found to be around 0.3, indicating that the bilayer be-
haves as a fluid.
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3.2.1 Area Compressibility

Next, the bilayer mechanical properties are calculated, particularly the sur-
face tension, the area compressibility (or dilatation modulus) and the bend-
ing rigidity. The results are summarized in table 3.3. In atomistic simulations,
the surface tension can be calculated from averaged difference between nor-
mal stress prx and tangential stresses (pyy, + pzz) /2 (with respect to the nor-
mal to the interface) [85]:

1 1
U= 12 /V {Pxx ) (Pyy + PZZ) dv (3.2)

where L? represents the membrane projected surface, and V denotes the
volume of the simulation domain. In general, when the membrane is not
stretched and not subject to external potentials, it adopts a tensionless state[51].
In the absence of external potential, the membrane surface tension depends
on the area per lipid molecule a. The simulations are realized with two bi-
layer sizes: a smaller one with N; = 3200 and a larger one with N; = 12800.
The corresponding box size is (Ly, L, L) = (24.2,+/Nja/2,+/Nja/2)r?. Then,
several simulations are carried out with different area per lipid molecule a.

The resulting time average surface tension is calculated at steady state. The

results are displayed in Fig. 3.3.
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FIGURE 3.3: Bilayer surface tension as a function of the area

per lipid for two different sets of parameters SET1 (red color)

and SET2 (blue color). The curves are obtained with two bi-

layer sizes, the smallest containing 3200 lipids and the largest

containing 12800 lipids. The surface tension is in DPD units
(kgT/72).
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Several key points on the interface mechanics can be highlighted in Fig. 3.3.
First, at small area per lipid, the surface tension becomes negative, due to
membrane buckling as in the simulations of [113]: the buckling (not shown
here) was clearly observed from the bilayer snapshots. It is almost indepen-
dent of the projected membrane area for all the simulated bilyers except the
smallest one with SET2 parameters. Second, the surface tension increases
with membrane stretching due to the excess in free energy, linearly near the
tensionless state (associated with membrane elasticity) up to certain 2 where
the membrane reaches plastic yielding until it breaks at larger a (beyond the
limit shown in Fig. 3.3). In the linear regime, the slope allows to calculate
the area compressibility K4 defined in the frame of Helfrich model for mem-

branes as:

o= KA(“;—O”O), (3.3)

where ag corresponds to the area per lipid that leads to vanishing surface

tension.

From figure 3.3, ag is estimated to be around 1.38[r2], which would corre-
spond to 57.6 A2, which is close to what can be found from measurements on
phosphocholine lipids in fluid state, between 56 and 7042, depending on the
hydrophobic chain length [101, 117].

Figure 3.3 also suggests that the surface tension and the area compressibil-
ity are almost independent of the DPD parameters used in both SET1 and
SET2 (except in the buckling region, which is not the case of interest for this
study) and that the domain size has no significant influence on the slope
in the plots. Therefore K4, calculated from the slope of the surface ten-
sion curve in the linear regime, is not significantly dependent on the sim-
ulation parameters: K4 = 23.1[kzT/r?] and 23.6[k3T/r?] for SET1 and SET2,
respectively, the results being very close for both bilayer sizes. Those val-
ues of the area compressibility are close to available experimental measure-
ments for DMPC bilayers (K4 = 23.8[kgT/7?] in the work of Rawicz et
al. [125], which corresponds to 0.234N /m) and to available numerical simula-
tions (K4 = 21.66[kgT/r?] in the work of Gao et al. [50] and K4 = 23[kpT /2]
in the work of Li et al. [85]).
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3.2.2 Bending Rigidity

One of the most significant mechanical characteristics of the lipid bilayer is its
bending rigidity. The amount of energy needed to change the membrane nor-
mal curvature into a different out-of-plane curvature is known as the bending

modulus of the lipid bilayer and will be called here .

Membrane bending rigidity is very crucial for the membrane reshaping in
many biological phenomenon like exocytosis, endocytosis and vesicle trap-
ping. We can measure it from mostly two experimental techniques, one is
the pipette aspiration method (MM)(i.e micro-mecanical manipulation of the
giant unilamellar vesciles (GUV)) [64, 125] , the other is the fluctuation shape
analysis (SA)[114]. Also, the X-ray scattering method can be used to measure
it[38]. In these techniques, the bending rigidity of the membrane is calcu-
lated from the spectral analysis of bilayer height fluctuations. We performed
the calculation of the bending rigidity following spectral analysis of bilayer
height fluctuations.

In the frame of the elastic theory, a lipid bilayer is assumed to behave as an
elastic sheet, where the bending rigidity is related to the area compressibility
as following [51]:

— Ka-L (3.4)
T
where t;, is the bilayer thickness. Based on the calculated values of K4 and ¢,
eq.3.4 leads to x = 16.2[kzT](~ 6.6 x 10~2°] at room temperature) for SET1
and 16.6[kpT] (=~ 6.8 x 10-2°]) for SET2.

Ka [kgT/72] « [kp Tl(eq.3.4) « [kpT](eq.3.6)
SET1 23.1 16.2 24.4
SET2 23.6 16.6 22.7

TABLE 3.3: Summary of the bilayer mechanical properties ob-
tained from numerical simulations.

Another way of calculating the bending bending rigidity « in particle-based
models, starts from the Helfrich Hamiltonian. For membranes that deviate
only weakly from the plane, the position of the midplane (the plane between
both leaflets) can be described by the Monge parametrization & (r), the Hel-
frich Hamiltonian is then H = 0.5 [ [x(V?h)? + o(Vh)? + U] dS + const [63,
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138, 131]. The contribution of external potentials denoted U will be neglected
in the following. When h(r) is expanded in a Fourier series, assuming that
the Fourier modes ; decouple, applying Fourier transform of the Helfrich
hamiltonian and the equipartition theorem, the equilibrium power spectrum

of the height fluctuations can be written as:

kpT

S et (3.5)

(| g |*)

The bracket (-) represents time averaging in each simulation. When the bi-
layer is tensionless, i.e o negligible, the bending rigidity can be calculated
from the relation:

(|hg?) = % (3.6)
The simulations used to calculate <]hq |2> contain N; = 12800 lipid molecules
and the box size is (Ly, Ly, L;) ~ (93]r.] )3. The calculated interfacial tension
(in DPD units) is ¢ = 0.02[kgT/r?] for SET1 and 0.05[kzT/r?] for SET2, re-
spectively. At the post-processing level, a two-dimensional linear mesh with
32 x 32 grid points is defined over the area of the bilayer. In every snapshot,
the bilayer height is calculated at each grid point k(y, z) by the average nor-
mal coordinate of the surrounding hydrophobic beads. Next on that grid, the
height fluctuations are calculated with respect to the average bilayer height,
as well as the corresponding Fourier transform.
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FIGURE 3.4: Fluctuation spectrum (h%) of the tensionless bilayer

as a function the the wavenumber (q). The line represents the

theoretical fit (using Eq. 3.6) and red star symbols represents

the calculated spectrum from the SET1 simulations and blue
star symbol represents SET2 simulations.
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The power spectrum of the height fluctuations is displayed in Fig. 3.4. Note
that periodic boundary conditions lead to a maximum wavelength equal to
L. In the limit of small wavenumbers (high wavelengths), (|h, ‘2> scales like
g~* and « can be obtained from a simple fit, whereas the description of the

lipid bilayer by the Helfrich model breaks at high wavenumbers.

From Eq. (3.6), the bending rigidity « is calculated in the limit of small wavenum-
bers, provided that the membrane surface tension is small: ¥ ~ 24.4kgT and
22.7kgT for SET1 and SET2 simulations, respectively.

To end this section, we compare our results on the bending rigidity with val-
ues from the literature, which are numerous and suffer from scattering in
some situations. It should be noted that experimental results usually depend
on the measurement technique and numerical results can depend on the size
of the studied membranes, as reported in the review of Bochicchio and Mon-
ticelli [9]. For DMPC bilayers at room temperature, x was found to be in the
range 29 — 34[kpT| using Shape Fluctuations Optical Analysis in the exper-
iments of Nagle et al. [102], whereas x = 6.9 x 1072°] (which corresponds
to 16.8[kgT]) [125], using Micropipette pressurization technique. Other ex-
periments based on X-Ray scattering carried out by Kucerka et al. [77] on
DLPC bilayers led to x = 5.5 x 10~2°] (which corresponds to 13.4[kpT]) at
room temperature. As for the bending rigidity from numerical simulations
(based either on surface undulation or on the membrane buckling technique),
one can find x ~ 24 — 36[kpgT| at room temperature obtained from atom-
istic [84] or coarse-grained simulations [13]. The values of ¥ measured from
numerical simulations tend to increase with the box size and the measure-
ment time, while x measured from thermal undulation analysis depends on
whether lipid tilt are taken into account or not when calculating x [9]. The
values of bending rigidity found from area compressibility are smaller than
what is mentioned above. In numerical simulations of DMPC bilayers, Gao
et al. [50] found x = 8[kgT] (with K4 = 21.7[kpT/r?]) whereas Li et al. [85]
found x = 11[kT] (with K4 = 23[kgT/r?]). These values are smaller than
the ones found in the present work, for two possible reasons: the bending
rigidity calculated from the undulation method (Eq. (3.6)) increases with the
box size (for instance the membrane surface in Gao et al.’s work [50] is 33
times smaller than that in the present work), and the bending rigidity cal-
culated from the compressibility method (Eq. (3.4)) is strongly influenced by
the way the thickness is evaluated [50].
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3.2.3 Inter-layer friction factor

The rate of undulation relaxation is the main dynamic property that we have
investigated. Since this quantity requires the measurement of the friction
coefficient of the two monolayers sliding one past the other, we will first
start by calculating this quantity. For this purpose, simulations (with SET1
parameters) were realized with N; = 3200 and a box size equal to (Ly, L, L) =
46.6°r3. The fluid in the box undergoes shear flow, with the average vorticity
being parallel to the membrane plane. The shear was imposed by moving
two slabs, at x = 0 and x = L, at equal and opposite velocities Vy;, in the
y direction as shown in Figure 3.5. A typical velocity profile at steady state,
obtained from averaging the velocity beads in slabs parallel to the membrane
is shown in Fig. 3.6 (a). One can clearly observe the discontinuity in the slope
of the velocity profile dV, /dx, between the solvent region where the shear
rate deviates slightly from the one that the solvent would experience in the
absence of the bilayer, and the smaller slope in the bilayer that corresponds
to a much stronger resistance to shear deformation. We define v, the slip
velocity between the solvent and the bilayer, from the intersection between
the two linear approximations of the velocity profiles in both flow regions as
indicated in fig. 3.6 (a). The friction coefficient follows from the shear stress
Tyy exerted by the solvent on the top and bottom monolayers, using:

FIGURE 3.5: Simulation setup for Shear-Induced Lipid Bilayer,

depicting flow field vectors. The implementation of a parallel

shear flow results in the determination of the intermonolayer
friction coefficient (b). The solvent is transparent for clarity.

_ Ty
b= (3.7)
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The shear stress Ty, has been computed by averaging the shear stress expe-
rienced by the DPD beads in slabs parallel to the membrane (the domain
has been divided into ~ 100 slabs along x). As one expects in the frame of
momentum conservation along the flow direction in the Couette flow, the
shear stress is constant along x in the solvent phase; it slightly fluctuates
across the bilayer around the average value. Within the fictitious walls, the
measured stress is insignificant, and the values were thus excluded from the
average. The friction coefficient calculated with eq. 3.7 is displayed in fig.
3.6 (b) as a function of the shear rate. The average value of the friction co-
efficient is b ~ 5[y/mkgT /r?], which would correspond to ~ 4 x 10°Ns/m?>
at room temperature. This value, like others obtained in the past by molec-
ular simulations of lipid bilayers [144, 158], are typically smaller by two or-
ders of magnitude compared to experimental values for DMPC bilayers [98,
44]. This difference is attributed to the fact that coarse-graining leads to the
speed-up of the dynamics in general, in addition to the fact that the small size
of the membrane in numerical simulations reduces the macroscopic apparent

roughness induced by large scale undulations.

3.2.4 Relaxation of thermal undulations

Next, the dynamics of bilayer thermal undulations was studied by consid-
ering the undulation mode autocorrelation. Seifert and Langer [137] have
shown that b manifests itself through the decay of the autocorrelation func-
tion of the undulatory modes. They have solved the overdamped equations
of motion of a bilayer coupled with that of the solvent. The bilayer con-
sists of two layers of bending rigidity x and elastic modulus k;, surrounded
by the solvent of viscosity . Coupled sets of equations of motion for the
height and projected density difference (between the two lipid layers) was
written by Seifert and Langer, considering that modes with different wave-
vectors evolve independently. The slowest relaxation rates that emerge from
their analysis depends on the mode wavenumber, compared to a critical
wavenumber, q. = (2n7k;,)/(bk) ~ 0.073[r;!]. Following Shkulipa et al.

[143], for g > g, the slowest relaxation rate y,s ~ knk 72 occurs from the two
q->4 26 1

layers slipping one on the top of the other, whereas for 4 < g, the slowest
relaxation rate 7,41 ~ ﬁ(f falls in the bending regime. The Onsager regres-
sion hypothesis is usually invoked to describe the autocorrelations of height
around equilibrium, C(q,t) = <hq(t)h:7‘(0)> / |h§| ~ e~ 1!, considering only
the dominant decay.
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FIGURE 3.6: Bilayer under shear flow. a) Velocity profile V, (x)

from DPD simulations displayed in blue plus symbols. The

lines are obtained from linear approximations of the velocity

profile in the bulk and in the bilayer. The inset shows the shear

stress along x direction. b) Friction coefficient b [v/mkpT /73] of

the two monolayers sliding one past the other as a function of
the imposed shear flow 2V, / Ly[rc/ 7).

We attempted to validate the decay in time, of the undulation autocorrelation
function. For this, we carried numerical simulations where the bilayer nor-
mal displacement field h(y, z, t) was saved frequently in time. SET1 param-
eters were used for this test. Like for the calculation of the bending rigidity,
h(y,z,t) was constructed on a (32 x 32) grid, with the normal displacement
averaged over the x positions of the beads in the lipid tails that belong to
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FIGURE 3.7: Normalized undulation autocorrelation functions
in time, for different wavenumbers. The blue, red, green, ma-
genta and black colors correspond to g = 0.068, 0.095, 0.135,
0.151 and 0.203r.!, respectively. The light dotted line in the
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. _1 o .
main panel corresponds to e~ 57, The dotted line in the inset
corresponds to e~ 711,

a grid element. Since the relaxation time of the different modes increases
significantly with the wavenumber, we carried a simulation during 600007
and time sampling equal to T to analyze modes (1,0) (with correspond-
ing wavenumber g = 0.068r.!) and (1,1) (with corresponding wavenum-
ber g = 0.095r1), and a last simulation during 15007 and time sampling
every 0.027 to analyze modes (2,0), (2,1) and (3,0) (g = 0.135, 0.151 and
0.2037- !, respectively). The undulation autocorrelation function for the dif-
ferent modes is displayed in fig. 3.7, together with C(g,t) = e 71!, The
autocorrelation function for the three largest wavenumbers follows an expo-
nential decay ~ g°t, unlike the smallest wavenumbers. At short time, the
height fluctuations of the smallest wavenumbers decacy exponentially like
~ ¢°t as expected by the theory. The coefficient in front of g°t that leads to
the best estimate (see fig. 3.7) is equal to 1/5 x «/(4n) instead of x/ (477). The
fact that the relaxation time is slower than what is expected from the theory
of Siefert and Langer is probably associated with the bilayer inertia in the
simulations [66].

3.3 Polymer micelle: self-diffusion

A micelle is a phospholipid-based polymer aggregation. A phospholipid
two components—one of which is hydrophobic (non-polar) and the other of
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which is hydrophilic (polar)—make it amphiphilic in nature. The hydropho-
bic portion of these phospholipids faces away from the water and creates the
micelle’s core, whilst the hydrophilic portion faces the water and forms the

micelle’s shell. These phospholipids self-assemble in water.

The smallest micelle considered for this work is similar to a micelle formed
of a nonionic surfactant Cj,Eg. The corresponding coarse-graining leads to a
chain of 4 hydrophobic and 4 hydrophilic DPD beads. This molecule will be
called A, B, hereafter, where each B bead represents (CH;)3 group and each
A bead represents 1.5 ethylene oxyde (EO) groups (see Groot and Rabone [53]
for more details). With respect to the interaction coefficients a;; the beads A
and B are respectively equivalent to & and t. This analogy reflects situations
where the solubility of the lipid chains is close to that of the surfactant-like

molecule in the solvent.
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FIGURE 3.8: [RIGHT] The polymer-like molecules, with differ-
ent chain length are represented. [LEFT] The assembly of 200
Ag9Bg 7?7 molecules is displayed.

Simulations with three particle (or micelle) sizes were carried, considering
different chain lengths, A4Bs and AgBg and A9Bg molecules, respectively, us-
ing both SET1 and SET2 parameters. The three micelle designs are shown
in Figure 3.8 with different monomer lengths in each micelle type. The mi-
celle radius of gyration R, informs about the micelle compactness associated
with hydrophobic and hydrophilic atom distribution. Experimentally, it can
be inferred from small-angle neutron scattering (SANS) and small-angle X-
ray scattering (SAXS) measurements. In numerical simulations, the instanta-

neous radius of gyration is calculated using;:
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(3.8)

where x. denotes the center of mass and x; refers to the position of a hy-
drophobic or hydrophilic bead i in the polymer molecules. The time average
value is included in tables 3.4 and 3.5. The micelle has another important di-
mension to be considered, the hydrodynamic radius (R,) associated with the
micelle diffusive motion. The hydrodynamic radius (also called Stokes ra-
dius in the literature) of an object corresponds to the radius of a hard sphere
that diffuses at the same rate as that object. The relation between R; and the
micelle diffusion coefficient can be written in terms of the Stokes-Einstein

relation,

kT
— 3.9
Po =GR, (39)

where Dy refers to the isotropic diffusion coefficient in the bulk and 7 cor-
responds to the solvent dynamic viscosity. Experimentally, the diffusion co-
efficient and subsequently the hydrodynamic radius is often measured us-
ing dynamic light scattering (DLS). Similarly, in the present simulations, the
diffusion coefficient Dy is calculated from the slope of the mean square dis-
placement (MSD) of the micelle motion at "long times" using;:

Do = * lim 4(MSD)

_ 3.10
2 t—oo0 dt ! ( )

where we consider the MSD of the center-of-mass of the micelle, which is
defined as X = ) m;x;/ ) m;. MSD is computed from the Einstein formula
MSD(7) = (|x(t+ 1) —x(t)]*) = NTEN, |x(t; + 1) — x(t;)|> with N being
the number of samples. To maximize N for a stable measure of MSD, we use
a sliding time window [126] with a duration time to average over all possible
lag-times T < Tmax Where Tmax is the duration of the trajectory obtained from
numerical simulations.

The micelle MSD is computed within a simulation domain sufficiently large
in order to miniminze the interaction of the micelle with its images through
the periodic boundaries. For each micelle, the MSD is averaged over the three
spatial directions (isotropic diffusive motion) and over 6 independent tra-

jectories. The temporal evolution of the corresponding ensemble-averaged
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FIGURE 3.9: Evolution of MSD|[r?] in time [tppp] for different
micelle sizes from simulations using SET1 parameters.

Time

FIGURE 3.10: Idem figure 3.9 using SET2 parameters.

MSD is displayed in figures 3.9 and 3.10 using SET1 and SET2, respectively.

At short time scale (up to 100 DPD time unit), the micelle experiences a bal-

listic motion where the MSD increases as t>. Beyond that time, the MSD

increases linearly in time, with good signal convergence in the time interval

[200 — 1000] DPD time units, which corresponds approximately to [0.02 —

0.1]t4 in simulations based on SET1 and [0.003 — 0.02]t;, in simulations

based on SET2 (where 7; denotes the micelle diffusion time scale, see Eq. (4.2)).
The diffusion coefficient is estimated from the linear increase of the MSD in

this time range using Eq. (3.10).

The diffusion coefficients are included in tables 3.4 and 3.5 for different mi-
celle radii and simulations parameters. Those tables also contain the hydro-

dynamic radius, calculated from eq. 3.9, which is not a geometric quantity
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R L
Rq Dy Rj, R—i 7R,
Ay4By 450 0.0029 872 044 8.89

AgBg 530 0.0021 12.03 0.48 8.96
AgBg 6.40 0.0015 16.85 0.38 7.42

TABLE 3.4: Simulation results using SET1 parameters: micelle

radius of gyration R, |[r ], diffusion coefficient D(r?/tppp], hy-

drodynamic radius Ry, [r.], and the ratio between the box length
and the micelle size L/2R,.

Rg L

A4By 444 0.00034 7.72 0.63 9.00
AgBs 530 0.00027 9.73 050 8.96
Ag9Bg 6.42 0.00018 14.59 0.51 7.40

TABLE 3.5: Idem table 3.4 for simulations using SET2 parame-
ters.

but corresponds to the radius of the sphere that experiences similar self-
diffusion under thermal agitation. The results show that the ratio between
the gyration radius and hydrodynamic radius of the micelle is smaller than
0.75 corresponding to a filled sphere, and closer to a core-shell object [136].
It is interesting though to compare the hydrodynamic radius to the radius
of the fictitious sphere that would be obtained if the polymer chains were
concentric and straight with the bonds at equilibrium. In that case, the chain
length would have been equal to the number of elements multiplied by the
bonds equilibrium length (set to 0.77. in the present simulations). The radius
of that object, would be equal to 5.6r., 8.4r. and 12.6r, for A4B4, A¢Be and
Ag9By, respectively, falling between the gyration and hydrodynamic radius.
This indicates that the micelle has a larger response time to thermal agitation,
even when compared to a full sphere of radius equal to the fictitious "spiky"
sphere. It is not surprising, since the mobility of an object decreases with its
permeability with respect to the solvent, as if a slip exists between the ob-
ject surface and the ambient fluid (discontinuity in the momentum transfer
at the object interface). Note that R, is systematically larger in SET1 simu-
lations compared to SET2, suggesting that the apparent slip is stronger in a
gas-like medium than in a liquid-like medium.

We end this section by displaying, in figure 3.11, the relationship between
the hydrodynamic radius Rj, and the radius of gyration R, with respect to the
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FIGURE 3.11: Variation of R, and R with respect to the num-

ber of hydrophobic beads per polymer molecule. The symbol >

represents the estimated core radius of each micelle, assuming
core to be sphercial.

number of hydrophobic beads per polymer molecule. R, does not depend on
the parameter set: this quantity mainly depend on the micelle constituents
which are identical in both simulation sets. Figure 3.11 shows that the radius
of gyration is close to R¢ore, a theoretical value estimated from the number of
polymer chains in one micelle Ngg, the number of hydrophobic beads per
chain Ng, the volume of the hydrophobic bead V3 and the number density p,
following the relation

4

§7IR20rep = Nagg - (Ng - V3) (3.11)
As for the hydrodynamic radius R, it increases with the size of the micelle
since the micelle self-diffusion decreases with its size. However it depends
on the simulation parameters in a non trivial way since mainly the diffusion

coefficient decreases when the solvent apparent viscosity increases.

3.4 Conclusion

In this chapter, we conducted a comprehensive characterization of the lipid

bilayer and micelle by employing two distinct parameter sets, denoted as
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SET1 and SET2. Notably, the bilayer was always maintained in a configura-

tion which was very close to the tensionless state.

In our study of static properties, we initially calculated the order parame-
ter, providing insight into the phase state of the bilayer, and we observed
that the bilayer consistently exhibited fluid state. Next, we determined the
bilayer area compressibility and compared it to experimental values from
the literature. Our results for the area compressibility closely aligned with
the literature for DMPC bilayers and hence validating the accuracy of our
simulation parameters. The bending rigidity of the bilayer, an essential me-
chanical property, was also investigated. However, the process of comparing
the bending rigidity values with the existing literature is not very straightfor-
ward due to the inherent variability and dispersion observed in experimental
and simulated (or numerical) data. It is important to acknowledge that the
experimental measurements dependent on the employed measurement tech-
niques, and the numerical results depend on the model used, the size of the

membrane used etc.

From the dynamical properties, we estimated the inter-layer friction within
the bilayer and compared our results with existing literature values. It is
noteworthy that our inter-layer friction values were two orders of magni-
tude lower than experimental values for DMPC bilayers This difference is
attributed to the fact that coarse-graining leads to the speed-up of the dynam-
ics in general, in addition to the fact that the small size of the membrane in
numerical simulations reduces the macroscopic apparent roughness induced
by large scale undulations. Also, we studied the dynamics of bilayer thermal
undulations by validating the time decay of the undulation autocorrelation

function.

Furthermore, the characterization of different micelle sizes was conducted
by calculating different micelle properties such as the radius of gyration and
hydrodynamic radius. Also, an extensive examination was carried out to

analyze the phenomenon of self-diffusion for different micelle sizes.
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Chapter 4

Diffusion of a polymer micelle

near a lipid bilayer

4.1 Introduction

Motion of small particles is controlled by thermal agitation in the absence of
interactions. Most of the investigations in the literature addressing Brownian
motion of particles near an interface, considered rigid colloidal particles. It
is well known that confinement by neighboring interfaces alters the particle
thermal diffusion in a fluid, through the modification of the particle mobil-
ity close to the interface. Near a rigid wall, particle diffusion is decreased
compared to its thermal diffusion in unbounded fluid, due to the decrease
of the particle mobility, in both parallel and perpendicular directions (with
respect to the wall). This phenomenon was evidenced theoretically [60], then
experimentally near a plane wall [16, 79] and cylindrical wall [40]. However,
if the interface is fluid-like, the diffusive behavior depends on the viscosity
of phases on both sides of the interface (see a recent review of Villa et al.
[155]). In case the viscosity of the solvent where the particle is immersed is
larger than the viscosity of the fluid on the other side of the interface, the par-
ticle mobility in the direction parallel to the interface increases with respect
to the unbounded counterpart, unlike the mobility in the perpendicular di-
rection which is decreased [83, 5, 154]. When the interface is membrane-like,
its bending resistance induces elastic energy storage that leads the Brown-
ian motion to depend on the history of particle trajectory [151]. It has been
shown that this memory effect induces a change in the diffusion motion in
time, and that the diffusion coefficient is close to its value in the bulk at short
time while it decreases to tend toward the diffusion coefficient near a hard

wall at long time scale, going through a sub-diffusive regime at intermediate
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time range [28]. Experiments carried with diffusive particles (of micron size)
near GUV and cell membranes indicate a strong dependence of the particle
mobility on the nature of the cell (macrophage, adenocarcinoma cell, or ep-
ithelial) which is assumed to be associated with the cell’s composition and its

regulation of proteins and lipids inside the cell or the membrane [71].

In the above-mentioned literature, the size of the colloidal particles investi-
gated experimentally is of the order of a micron, which corresponds to a spa-
tial range accessible to optical measurements (confocal microscopy, optical
tweezers, optical interference). The present study investigates the Brownian
motion of a soft particle near a soft interface, at much smaller length scales
inaccessible to optical measurements: the particle size is few tens of nanome-
ters as typically found in drug delivery applications.The boundary is mod-
eled as a lipid bilayer, representing a model biological membrane. The soft
nanoparticle (called micelle hereafter) is designed from the self-assembly of
amphiphilic molecules with sizes ~ 10-20 nm, for its potential to carry non-
soluble drugs, before being easily disintegrated or eliminated by the organ-
ism after drug delivery is completed.

T == ——

FIGURE 4.1: A snapshot of an A4B4 micelle near a lipid bilayer

from a DPD simulation. The solvent is transparent. Hydropho-

bic beads are represented in red and hydrophilic beads are rep-
resented in cyan.

The simulations in this chapter are carried in a situation where the Brown-
ian motion and hydrodynamics induced by membrane fluctuations are fully
coupled (diffusion time of the order of the membrane relaxation time). They
allow to obtain the particle trajectories at a very short time scale that classic
experiments fail to capture. We used the setup (SET1) explained in the pre-
vious chapter for this investigation. The simulations carried for this study
costed around two million CPU hours.
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Since we expect the bilayer proximity to alter the micelle Brownian motion,
we start first to study the micelle mobility near the bilayer by calculating the
velocity under an applied force. Then the time scales at play are discussed.
Afterwards the Brownian motion of the micelle is described and we try to

compare our results with some known theoretical limits.

4.2 Micelle mobility near the bilayer

4.2.1 In the parallel direction

The ability of an object or particle to move or migrate in response to an ap-
plied force is called mobility. It is a fundamental idea in physics and is es-
sential to comprehending many artificial and natural phenomena, since it
characterizes the efficiency of particle motion. In this section, the mobility of
a micelle in the presence of a lipid bilayer is studied. Mobility y is defined as
the ratio between the applied force F and the particle subsequent velocity V:

v
F

= (4.1)

FIGURE 4.2: Simulation setup containing a micelle and a lipid
bilayer (VMD software visualization). A force is applied on the
micelle along y direction (i.e parallel to the membrane).

The simulation setup is illustrated in figure 4.2. The cubic simulation box is
(Lx, Ly, L;) = (93rc)%. The lipid bilayer has low surface tension before the
force is applied on micelle. The lipid bilayer contains 12800 lipid molecules
(same bilayer as in Section 3.2) and the micelle is type A4B4 (same micelle as
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in Section 3.3). We use two distinct simulation protocols, designated SET1
and SET2, as detailed in Section 3.2, to determine the micelle mobility in the
vicinity of the bilayer.

In this investigation, the bilayer is parallel to the yz plane, and the normal is
along the x axis. To investigate the mobility of a micelle in close proximity
to a bilayer, the micelle is initially positioned at various distances from the
bilayer. A constant force (F, = 0.03) is applied on each bead in the micelle
along the y direction, and the resulting velocity of the micelle (V}) is mea-
sured. Note that in order to avoid the system acceleration, an opposite force
is applied on all the domain, this force being equal to the total force applied
on the micelle divided by the number of solvent beads.

The micelle is placed at three initial distances 10r., 15, and 20r, from the
bilayer, where r. is DPD length unit. This distance is maintained fixed in
time with the aid of a spring force in the x direction. In our study, it is cru-
cial to note that when the micelle is positioned very close to the bilayer, it
undergoes disruption or breaking. The nearest distance that we could reach
without micelle disruption is xg = 10r.. The micelle mobility is then cal-
culated following Eq. 4.1. The results are summarized in tables 4.1 and 4.2

xo = 10r. | xg = 157, | xg9 = 207,
Friction (F/V) 0.208 0.197 0.193
Mobility 481 5.08 5.18
Friction x 1600 332.8 315.2 308.8
x0/ Ry, 1.15 1.72 2.29
Ap/ po -0.09 -0.04 -0.02
Au/po (DMI) -0.23 -0.15 -0.11
A/ o (Solid Wall) -0.49 -0.33 -0.25
Ap/uo (LL Surface) -0.08 -0.05 -0.04

TABLE 4.1: Mobility values for SET1 simulations.

In addition, the mobility p of the micelle was calculated within the same
simulation box but without a bilayer (unbounded solvent) and using the
same procedure. The resulting mobility values are tabulated in Table 4.3.

Then we calculated the mobility change Ay = u — pg and scaled it with with
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xo = 107, | xg = 157 | xg9 = 207,
Friction (F/V) 3.45 3.3 3.09
Mobility 0.29 0.30 0.32
Friction x 1600 5520 5280 4944
xo/ Ry, 1.30 1.94 2.59
Au/u -0.11 -0.07 -0.01
Ap/p (DMI) -0.23 -0.15 -0.11
Ap/p (Solid Wall) -0.43 -0.29 -0.22
Ap/p (LL Surface) -0.07 -0.05 -0.04

TABLE 4.2: Mobility values for SET2 simulations.

| | Set1 | Set2 |
Friction (F/V) | 0.19 | 3.06

Mobility 5.26 | 0.33
Friction x 1600 | 304 | 4896

TABLE 4.3: Mobility values for micelle-only simulations.

to. The mobility change calculated from the numerical simulations is nega-
tive, meaning that the micelle motion is hindered when close to the bilayer
compared to its motion in the bulk. The mobility reduction decreases with
the distance from the membrane as suggested by Figure 4.3. It is interest-
ing to note that the mobility reduction is close to the mobility reduction of a
solid particle near a liquid-liquid interface unlike that of a solid particle near
a rigid boundary (we have used the hydrodynamic radius for the computa-

tion of those quantities also included in tables 4.1 and 4.2).

4.2.2 In the perpendicular direction

This test is much less conclusive than the one in the parallel direction. How-
ever we include it for the sake of completeness. The micelle A4B, is subject
to a force perpendicular to the bilayer, represented as F |, along the nega-
tive X-direction to promote its motion towards the bilayer. The magnitude
of the force applied on each bead is 0.005 and the value of spring constant is
100. A bilayer of 3200 lipids is considered in a box (47.00,47.00,47.00)r2. At

parameter SET1. The setup is displayed in figure 4.4.
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FIGURE 4.3: The figure illustrates the normalized mobility val-
ues (Apu/ o) for SET1 and SET2 as a function of the micelle dis-
tance (xp) from the bilayer.

FIGURE 4.4: Idem figure 4.2. The force is applied on the micelle
along -X direction (i.e perpendicular force).

The main challenge of this simluation was to maintain the bilayer x posi-
tion unchanged in time, so that we can calculate the micelle velocity while
approaching the bilayer. So first, we applied a spring force on the center of
mass of the bilayer in a way to attract it toward a fixed position, without
altering the spontaneous membrane fluctuations. The continuous recording
of the center of mass of both the micelle and the lipid bilayer is displayed
in figure 4.5. Large oscillations of the bilayer x position can be observed on
the left panel. When the intesity of the spring force increases, the oscillation
frequency increases while the oscillation amplitude is unaltered. Those os-
cillations are most probably due to the finite mass of the bilayer, so that the
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response to the spring force does not occur immediately. The micelle trajec-
tory on the right panel shows a physically correct trend, i.e. the velocity is
stronger at larger separation distance, and it decreases while the micelle is
approaching the bilayer. The micelle trajectory is oscillating when the sep-
aration distance following. Nevertheless, the x positions of the micelle and
the bilayer are in-phase, suggesting an adorption of the micelle onto the bi-
layer. In the future, we need to work further on this test in order to extract

the micelle mobility in the perpendicular direction.
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FIGURE 4.5: [LEFT] The bilayer COM along X,Y and Z direc-
tions. [RIGHT] The micelle COM along X,Y and Z directions.

4.3 Time scales at play

The time a micelle takes to diffuse over a surface equal to its size squared can
be estimated based on the Stokes-Einstein relation:

_ 6mR;

where R, refers to the hydrodynamic radius of the micelle.

(4.2)

Close to a soft membrane, the diffusive motion of the micelle can be influ-
enced by the membrane undulations. The modification of the mean-square
displacement of a hard nanoparticle in the presence of an elastic membrane
has been studied theoretically by Bickel [151], where only the bilayer bend-
ing rigidity was considered, and later by Daddi-Moussa-Ider et al. (DMI) [29]
where membrane elasticity (stretching and shear) was also considered. We
will summarize the results of the latter study, in which theoretical expres-
sions of the time evolution of particle MSD were explicitly written. When
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the particle is located at a distance xy from the membrane, the particle ther-
mal motion is influenced by the relaxation of membrane fluctuations that de-
pends on the membrane mechanical properties and on the solvent viscosity.
For over-damped membrane surface waves, and accounting for velocity con-
tinuity and stress jump, two time scales appear in the mobility of a particle
near the membrane, one associated with bending,

A

T
b K

(4.3)
and another time scale associated with the membrane resistance to shear and

area dilatation, that can be written as:

617x0
Ts = 4.4
S KS 7 ( )
where K; is the dynamic elastic shear modulus, as written in the theoretical
work of DMI [29]. Unlike red blood cells, in lipid bilayers, the static elastic

shear modulus is negligible. However the dynamic shear modulus can be

different from zero at high frequencies, especially when complexe interac-
tions take place, and its order of magnitude is about hundred times smaller
than the elastic dilatation modulus [146, 57], i.e. Ks = K4/100. Thus, in the
frame of our simulations, T; < T}, and therefore viscoelastic effects on the
particle motion in the parallel direction are weaker than in the perpendicular

direction.

It should be noted that the ratio between the micelle diffusion and membrane
relaxation time scales is independent of the fluid viscosity. As the values of
the bending rigidity obtained from both SET1 and SET2 simulations are close,
the ratio 7;/Tj is close in both simulations and it ranges roughly between 1
and 100, for xp ranging between 5 and 2 times the particle radius of gyration,

respectively.

At this point, we can give more information about the DPD time scale, and
its correspondence with the physical time. In the DPD simulations, the time
scale associated with the bead thermal motion can be written as Tppp =
rev/m/k,T. Based on the system coarse-graining, one DPD time unit is thus
equivalent to 2.67 x 107125 at room temperature. Consequently, the diffu-
sion coefficient of the A4B4 micelle obtained from simulations with SET1
parameters, i.e. D = 2.9 x 1073[r2/1ppp], corresponds to 4.5 x 10~ 1%m? /s
whereas the diffusion coefficient from simulations with SET2 parameters, i.e.
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D = 3.4 x 107*[r?/1ppp], corresponds to 5.3 x 10~"m?/s. The latter value
agrees with typical diffusion coefficients measured with surfactant micelles
(like the C13Eg) in aqueous solutions [73].

Thus, simulations with SET2 parameters allow to capture correctly the mi-
celle diffusion on the one hand, and the solvent Schmidt number on the other
hand. We can conclude that among both sets of parameters, SET2 would be
more convenient to capture correctly the system dynamics. Yet, 7;/ T} is close
in both sets of simulations (the viscosity drops out in the ratio) so we expect
that the relative influence of the membrane on the micelle diffusion would
be fairly well captured by the simulations with SET1 parameters. We chose
to carry out the following simulations with SET1 parameters, since they are
significantly cheaper from a computational point of view. Indeed, the diffu-
sion time scale is about 10 times smaller in SET1 than in SET2 simulations,
and the time step should be twice smaller with SET2 parameters to enhance

computational stability.

4.4 Mean-square displacement in asymptotic cases

Assuming infinitely large membrane, negligible inertial effects and small
change in the particle position compared to its distance xo with respect to
the membrane (valid at time t < 7; when xj is of the order of the particle
radius), DMI [29] calculated the negative excess of the particle MSD near the
membrane, both in parallel and perpendicular directions. In our notations,

this reads as:

MSD,
ap = 1AL, (4.5)
MSD, MSD,
2Dt~ 2Dt - A1) “8)

where MSD, = ((x(t) — x0)*), MSD, = ((y(t) — yo)*) and MSD, = ((z(t) — z0)?),

with brackets referring to an ensemble average. The MSD excess depends on
the relative distance xp/R and on dimensionless time. In each direction, this
MSD excess is equal to the sum of the strain and bending contributions writ-

ten as following:

3 R t(3B+21)

A s(T) = 6% 2B+ 7?2 4.7)
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b

The constant B = 2/(1 + C) depends on C, the ratio between the area com-
pressibility and shear modulus of the membrane (C = %). There are three
dimensionless times that appear in the expressions of the A functions, i.e.
T =t/Ts, 7 = (5/2)(t/Ty) and 7, = (971/4)(t/Tp). This time scale
separation accounts for the difference in the relaxation time associated with
membrane bending and resistance to shear and area dilatation. Bending re-
sistance influences particle diffusion mainly in the perpendicular direction,
whereas shear resistance influences the particle displacement rather in the

parallel direction.

4.5 Micelle motion near the bilayer

As discussed above, we examine the diffusive motion of a micelle near a
lipid bilayer, using simulations of type SET1, and with two sizes, i.e. A4By
and Ag¢Bg micelles. The lipid bilayer in the simulations contained 12800 lipid
molecules. The simulations were carried in a cubic box with, (L, Ly, L,) =
(93r.)3. The average surface tension of the lipid bilayer, calculated a posteri-
ori in each simulation, is equal to 0.06[kgT/72]. The corresponding capillary
length scale I, = \/x /0 = 20r..

In order to examine the impact of its distance to the membrane, the micelle
was initially placed at two different distances with respect to the bilayer mid-
plane: Xo, and Xy which refer to positions more or less close to the mem-
brane surface. Those positions, expressed in terms of the micelle radius of
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gyration are included in table 4.4.

Xon[Rg]  Xof[Re] Tplax,, /T Tolaxy/Ta
AyBy 2.5 5.34 0.01 0.12
AgBg 1.87 3.75 0.002 0.016

TABLE 4.4: Initial distance of the micelle with respect to the

membrane midplane (expressed in terms of the gyration radius

of each micelle) Xo, and Xy, and the associated ratio between

the time scale of viscous relaxation of membrane fluctuations at
the micelle position T; and the diffusion time scale 7.

4.5.1 Mean-square displacement

Then we calculate the MSD of the micelle near the bilayer, separately in the
parallel and perpendicular directions. Figs. 4.6 and 4.7 display the temporal
evolution of the MSD of A4B; and Ag9Bg micelles, respectively. In each fig-
ure, panel (a) displays the MSD very close to the membrane (at X,,) whereas
panel (b) shows the MSD at slightly larger distance (Xof). In these figures,
the time is scaled by the diffusion time scale 7; calculated from Eq. (4.2). The
MSD plots are obtained from an ensemble average over 16 independent sim-
ulations for each particle position (Xp, and Xyf) and for each micelle type
(A4By and AgBy). From a first glance, the MSD plots deviate from that of
the isolated micelle at X, reflecting the fact that the micelle has experienced
hydrodynamic interactions with the membrane during the observation time
scale. However the MSD plots at X,y remain close to those of the micelle in
the solvent. Indeed D and D, approach D at that position. This suggests
weak hydrodynamic interactions with the membrane, directly and through
the box periodic boundaries (in the normal direction) during the observation
time range.

The time in those figures is scaled by the diffusion time scale 7, that is in-
dependent of the micelle position and of the membrane property. It is in-
sightful to compare the measurement time, with characteristic time scales as-
sociated with the membrane resistance to deformation. Since the membrane
resistance to shear is very weak, we compare the time to Tj. Note that by
construction, this time scale that appears from the theoretical expression of
the particle mobility near the membrane, is proportional to the third power
of the separation distance xy, and like the relaxation time of the membrane
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FIGURE 4.6: MSD of the A4B4 micelle near the lipid bilayer. The
top panel(a) corresponds to particle distance from the mem-
brane equal to Xp,, whereas the bottom panel (b) corresponds
to Xor. Lines with (resp. without) symbols correspond to the
MSD in the parallel (resp. perpendicular) direction. Black color
with sold lines indicate numerical results. The red curves is
obtained from Egs. (4.5) and (4.6), using the theory of DMI’s
work [29], with k' = 30[kpT] being the membrane bending
rigidity and K4 = 18[kgT/r.] being the area dilatation taken
from the numerical results on the bilayer mechanical proper-
ties. Using C = 100, this leads the area strain modulus (which
has not been measured directly) to be of the same order as the
surface tension ~ 0.2[kgT/72]. The vertical line in (b) indicates
the time of viscous relaxation of membrane fluctuations at the
initial particle position. This time tends to zero in (a) and thus
it is not shown there.

undulations, this time scale is proportional to the solvent viscosity and in-
versely proportional to the bending rigidity. At time t < T, the particle
does not "feel" the membrane presence, as first suggested by the analysis of
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FIGURE 4.7: MSD of the AgBg micelle near the lipid bilayer. The

top panel(a) corresponds to particle distance from the mem-

brane equal to Xp,, whereas the bottom panel (b) corresponds
to Xor. The way of data visualization is the same as Fig. 4.6.

Bickel [151] considering a Brownian particle near a fluid membrane. How-
ever at t > T, the particle motion becomes independent of the elastic prop-
erties of the membrane, as if the particle is moving close to a non-deformable
interface. The bending-to-diffusive time scale ratio T}, /1, is included in ta-
ble 4.4. When the initial distance is changed from Xj, to Xof, this ratio in-
creases by one order of magnitude. Nevertheless, T,/ 7; is one order of mag-
nitude smaller for micelle AgBy compared to A4B4 placed at a comparable
distance with respect to the membrane. T, estimated at the initial micelle po-
sition is indicated by vertical lines in Figs. 4.6b and 4.7b; this time scale is not
added to Figs. 4.6a and 4.7a since T}, /1, is negligibly small for the closest mi-
celle. It is clear that, in the measurement time range, the significant difference

in the dynamics at xg = Xy, and xo = X £ owes to the time scale required for
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the particle to feel the membrane presence in addition to the change of the

particle mobility due to the membrane proximity.

In addition, Figs. 4.6 and 4.7 include the curves from the theory of DMI for
the sake of comparison. One does not necessarily expect a perfect match-
ing in view of the difference in the system nature, i.e. soft micelle in the
simulations versus solid particle in the theory, elastic membrane versus fluid
interface. Nevertheless, at the closest separation distance Xj,, the MSD plots
(in red) obtained with the DMI theory deviate very quickly from the MSD
of an unbounded micelle particularly in the perpendicular direction, like the
plots from the numerical simulations. Note that the theoretical MSDs do
not change significantly when the area compressibility K4 is varied by 10%,

which corresponds to the error in numerical estimation of K4.

4.5.2 Scaling exponent

For a better insight into the evolution of the MSD in time, we calculated the
scaling exponent a; = %, both in parallel and perpendicular direc-
tions At longer times, the MSD temporal evolution becomes close to linear
especially in the parallel direction, which indicates that the Brownian motion
is fairly diffusive in this direction, during that time range, which allows to es-
timate a diffusion coefficient. a; are larger than 1 at very short time. At long
time, a; — 1 indicates a diffusive behavior. Our results indicate two trends at
intermediate time scale: in the parallel direction, the scaling exponent tends
to level off at =~ 1 for both X, and Xof, however in the normal direction
the scaling exponent clearly decreases below 1 only when the particle is ini-
tially placed at Xo,. Exact values of this exponent cannot be extracted from
our data, since this requires well converged statistics. We ignore whether
the quasi-plateau observed here, near the value 0.9, is only transient before
the exponent converges again to 1 as t — oo in case the system dynamics
is governed by hydrodynamic interactions or whether the motion remains
subdiffusive in case non-linear effects superpose. Unfortunately the signal
quickly drops down at long time, due to the short available data in this limit.
To obtain good statistical convergence, a significant amount of computer re-
sources is required, knowing that the computation time readily consumed to
obtain those curves is around 2 million CPU hours.



4.5. Micelle motion near the bilayer

67

2
1.5¢
& 1r
o5l * . num A4BA@X
& ) hum MB4@XW
) pum AIBIGX
+ ), num AQBQ@XN

0 ' L I
-12 -10 -8 -6 -4 2 0

In(time/r,)
2 + . T
-
K %
1.5
_|
& 1

051 * “wmm ABAGX,
4 + o o AﬂB‘i@Xm
T ABBI@X
+ 0 um #QBQ@X‘“

0 I 1 1
-12 -10 -8 -6 -4 -2 0
in(time/'rD)

FIGURE 4.8: Scaling exponent of the micelle MSD as a function

of time (see the definition in the text) in parallel direction a) and
perpendicular direction b).

4.5.3 Negative excess of mean-square displacement

In addition, the transient evolution of the MSD negative excess (egs. 4.5 and

4.6) is displayed in figure 4.9. Both perpendicular and parallel components

are plotted and for both micelles initially placed at Xp,. The MSD excess

in the perpendicular direction is larger than that in the parallel direction as
expected. The MSD excess from the DMI theory are added to this figure
(in red). Like the numerical curves, they have not reached the steady state

during the observation time. Yet, before drawing conclusions or expectations

from those plots, we include for the sake of discussion two known limits at

t/t; — oo (or more specifically t /T, — c0). The first limit corresponds to the

MSD excess of a Brownian particle near a hard wall, that can be written at

the leading order in R/ xy following Happel and Brenner [60] as,
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The corresponding values are displayed in fig. 4.9 with green color. When
the lipid bilayer is supported by a solid wall, the Brownian motion of a
nearby nanoparticle converges to this limit as shown experimentally by Be-
navides [6]. At long time, the particle Brownian motion predicted from DMI
theory converges toward Brownian motion near a hard wall, due to the mem-
brane elasticity. Additional plots (not displayed here) show that at long time,
the MSD excess reaches the steady state at a time of O(107;) in the perpen-
dicular direction and O(1y) in the parallel direction, and that the MSD excess
becomes steady at a time smaller than O(0.17;) when the elasticity ratio is
C = 1, whereas C has no significant impact on the MSD excess in the perpen-

dicular direction.

Neglecting the bilayer elasticity, Bickel [151] has shown that the Brownian
motion of a particle near a bilayer that exhibits only bending rigidity would
converge at long time toward that of a particle near a non-deformable lig-
uid interface, assuming that the separation distance from the membrane is
larger than any membrane correlation length. The MSD negative excess cor-
responding to a Brownian particle near a liquid interface was derived at the
leading order in R/ x( by Lee et al. [83]:

3 R 15 R

At ===, At=—— 412
I 32x" T T 16x] (*.12)
where the superscript LL here refers to the liquid-liquid interface. The corre-

sponding values are added in blue to fig. 4.9.

If the particle was solid, it would be expected that the dynamics at long time
approaches that of a particle near a liquid interface, since the nature of a lipid
bilayer is closer to a fluid interface (weak elasticity). Figure 4.9 suggests that
(i) the dynamics of the micelle might not tend systematically toward that
limit at long time scale (compared to 1), (ii) this dynamics is different in the
parallel and perpendicular directions, and (iii) it depends on the separation
distance between the micelle and the membrane. Apart from the membrane

length (set by the box size) and the estimated capillary length (associated
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with the small but finite surface tension), the membrane has no other cor-
relation length. The distance Xy, is smaller than the membrane estimated
capillary length (whereas this might be less true for X¢). The MSD excess
seems to exhibit a faster transient motion for A9Bg compared to A4Bs. The
shorter transient evolution is likely associated with Xp,, / R¢ being smaller for
the largest micelle. While it is hard to firmly predict the exact asymptotic
value as t — oo, it seems that the MSD excess of the smallest micelle exceeds
A% in the perpendicular direction, while it approaches Aﬁ’”” in the paral-
lel direction, like the DMI theory. Nevertheless, the parallel MSD excess of
the largest micelle seems to approach AﬁL at long times. Further investiga-
tion, with a substantial amount of computer ressources, is required in order
to conclude if those distinct behaviors are associated with the size of the mi-
celle with respect to the bilayer characteristic length or with the soft nature
of the nano-particle.

Let’s now examine the probability distribution function (PDF) of the posi-
tion of the micelle center of mass. The PDF of micelle normal position with
respect to the membrane is first plotted in figure 4.10 in the form of a normal-
ized histogram. Simulations with the largest micelle A9By have been used
for this analysis. The position along the normal direction is calculated with
respect to the time averaged position of the membrane midplane, and scaled
by the micelle radius of gyration. This figure shows that the PDF is clearly
not symmetric around the micelle initial position (wWhere the PDF maximum
is located). During the measurement time, T = 0.057, the micelle remains
reasonably close to its initial position. However, at twice longer time scale
T = 0.174, the micelle spans a larger region of the space. Thus we have to be
careful with the interpretation of the measurement of the MSD as well as the

MSD excess, with respect to the micelle initial position.

4.5.4 Probability density function

The probability distribution functions of the micelle displacements in the per-
pendicular and parallel directions (not shown in this chapter) remain appar-
ently close to Gaussian (we did not investigate the deviation from the Gaus-

sian distribution).

The PDF of the micelle position in the directions parallel to the membrane
is examined, from 45 independent trajectories measured during T = 0.057;.

The PDF of the positions in different directions are displayed in figure 4.11. If
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FIGURE 4.9: A, the MSD excess as defined in eqgs. 4.5 and 4.6,
obtained for micelle initial position Xy, a) in the perpendicular
direction and b) in the parallel direction. Lines correspond to
micelle A4B4 and symbols correspond to Ag9Bg. The black, red,
green and blue colors refer, respectively, to the DPD numerical
results, the study of DMI [29] (including both strain and bend-
ing contributions). The constant curves correspond to particle
Brownian motion near a non-deformable solid interface (green
color) and liquid-liquid interface (blue color).

the particle motion was purely diffusive (and fully isotropic) with Dy denot-
ing the diffusion coefficient, the PDF of the particle position in space would
follow a Gaussian function centered at the particle initial position (Yo,, Zon)
and with a variance equal to v/2Dgt. Figure 4.11 shows that the numerical
results are not far from a Gaussian distribution, the lack of symmetry being
most probably due to the lack of statistical convergence. The standard devi-
ation of the normal PDF is closer to 2(0.3Dg)t then 2Dyt.
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FIGURE 4.10: PDF of the micelle normal position with re-
spect to the membrane, for the micelle AgBy initially placed at
Xon. The blue and yellow distributions correspond to the time
ranges ~ 0.057; and 0.17; during which the position of the mi-
celle center of mass was recorded. Data from 16 trajectories are

used to calculate the PDFE. The vertical black line corresponds to

the upper box boundary.
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FIGURE 4.11: PDF of the micelle normal (blue circles), and par-

allel (black triangles and circles) position, for the micelle AgBg

initially placed at Xp,. The position along the normal (x) di-

rection is calculated with respect to the mean height of the

membrane midplane. Data from 45 independent trajectories are
used to calculate the PDF.

4.6 Profile of short-time diffusion coefficient

SET1 simulation were utilised in order to check the influence of the fluctuat-
ing 12800 lipid bilayer on the nearby brownian diffusion of A4B4 and Ag9Bg
micelle. The bilayer configuration is same as can be seen in Figure 4.2 in
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Section 4.2. The micelle was placed at different initial position far from the
bilayer along x direction. We let the micelle self diffuse at each initial distance
and record the position of its center of mass (COM). The center of mass was
recorded every 7, and in total we recorded 50000 positions for each trajectory.
We approximate a short-time diffusion coefficient D, (1) from computing half
of the difference in MSD during 607, at a given / position from the membrane
(here T represents the DPD time unit). This analysis was done separately
along the || and L directions for every trajectory. In the || direction, the dif-
fusion coefficient was computed using < Ay; >=< Az}, >= 2D)|(h)t, while
the L direction utilized < Ax? >= 2D (h)t, where t denotes time.

0.6
0

h/2*R

FIGURE 4.12: Short time diffusion coefficient of a) A4B4 micelle

and b) A9Bg micelle as a function of distance from the bilayer.

The short-time diffusion coefficient is scaled by the value ob-
tained in the unbounded solvent.

Figs. 4.12 (a) and (b) show Ds/ Dy as a function of the normalized distance to
the membrane i/ (2Rg), for both A4B, and AgBg. Note that D is computed
from the MSD of a micelle freely diffusing in the solvent during 7. The fluc-

tuations are due to weak statistical convergence: a good convergence would
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have required hundreds or thousands of independent trajectories, which is
very expensive computationally. 60 independent trajectories were used to
generate fig. 4.12 (a), where the initial micelle position was set to xp = 1,
2, 3, 4 and 6R, in order to cover a wide distance range. This figure con-
firms numerically that the micelle short-time diffusion is not influenced by
the membrane presence in most of the space, except very close to the mem-
brane, where the available data is not sufficient to fully confirm the trend.
Similar conclusion can be withdrawn from Fig. 4.12 (b) plotted for AgBo.
Note that the fluctuations in Fig. 4.12 (b) are stronger than in Fig. 4.12 (a)
since statistics here are based on 12 trajectories instead of 60.

For sure, this analysis is only qualitative, since the MSD is not linear during
the short time interval (607). However we were expecting this analysis to
give us a trend on the spatial range near the membrane, where the micelle
Brownian can be impacted. Figure 4.12 suggests this spatial range is small,
since D approaches 1 when the separation distance exceeds~ 4R, unlike
the Brownian motion near air-liquid interface, rigid wall or solid supported
bilayers where spatial range of motion hindrance is much larger [7, 17, 6]
(around 8 times the particle radius).

4,7 Conclusion

We started this chapter by calculating the mobility of the nano-particle made
of an assembly of polymer-like molecules near a lipid bilayer. The modifi-
cation of the mobility in the direction parallel to the membrane is very close
to that of a solid nano-particle near a liquid-liquid interface. The test in the
perpendicular direction requires to hold the membrane motionless without
altering its spontaneous fluctuations. The strategy that we have chosen still
suffers from spurious oscillations of the bilayer position in the normal direc-
tion, and require some developments to avoid those oscillations. Neverthe-
less, we observed a decrease of the micelle mobility with the relative distance,

until the attachment of the micelle to the bilayer.

Next we tried to characterize the micelle Brownian motion near the mem-
brane. After characterizing the particle diffusive motion in the bulk and the

bilayer mechanical properties, the motion of the micelle was investigated for
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two positions near the bilayer, and for two micelle sizes whose hydrody-
namic diameters were around 2.5 and 5 times the membrane thickness, cor-
responding to ~ 10 and 20 nm, respectively. The particle trajectory was mea-
sured during a time scale that approaches the particle diffusion time scale,
and at different distances xy from the membrane. The numerical results ob-
tained with two particle sizes suggest similar dynamics of both micelles, al-

though the results for the largest micelle were not yet fully converged in time.

This work shows that the micelle Brownian motion is quickly disturbed by
the membrane for xop ~ 2R, (where R, denotes the micelle radius of gyration)
due to the rapid viscous relaxation of the perturbations induced by mem-
brane fluctuations at the particle position: its random motion, in the normal
direction, is then of sub-diffusive nature since the first instants. However
for xo ~ 4 — 6R,, the micelle diffusive motion is weakly disturbed by the
membrane presence during the measurement time scale, but it is expected to
become subdiffusive at longer time, once the membrane undulations are felt
by the micelle. The mean-square displacement of the soft particle computed
from numerical simulations agree partially with the analytical theory of DMI

[29] (developed for a solid particle near an elastic membrane).
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Chapter 5

Hybrid Bilayers

5.1 Introduction

Liposomes are self assembled structures that are made from the amphipilic
molecules such as lipids. Since 1970s liposomes have been extensively stud-
ied and used as drug delivery tools, nano or microreactors and model mem-
branes[157]. The liposomes offer biocompatibility and softness, but the main
disadvantage is that they age quickly due to the development of transistory
pores that cause high permeability. Also they are not mechanically very sta-
ble and robust [139]. In the late 1990s, it was observed that the polymers
also self-assemble and hence were named polymersomes in reference to their
lipid analogs[36]. The greater molar masses of polymer chains and their di-
verse chemical properties are the principal reasons of the differences with
liposomes. The polymer-based structures provide mechanical strength and
long-time stability [69] (hydrophobic chains are interdigitated in the mem-
brane), and for the same reasons lower fluidity (i.e. slower lateral diffusion
[141, 35]) and lower and controlled membrane permeability (the thickness
of their membranes is a function of the molecular weight of the constituent
polymers). For this reason, polymersomes have been proposed as alterna-
tive to liposomes for different fundamental studies. For example, polymer-
somes can be used as models to better comprehend biological events where
the physical properties of the membrane are of utmost significance (bending
elasticity, spontaneous curvature, etc.), such as cell plasmic membrane ad-
hesion, fusion, and fission[81, 163]. However, compared to liposomes, the
cell biomimetic properties of polymer vesicles are somewhat limited because
block copolymers are often manufactured synthetically, while phospholipids

are mostly natural elements of cell membranes. Moreover, with respect to
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their mechanical properties, the greater mechanical stability and limited per-
meability of polymerosomes can be viewed as a limiting factor when ex-
ploring processes such as the diffusion of particles across membranes. In
order to address this issue, stimuli-responsive polymersomes have been de-
veloped, wherein membrane disintegration and the simultaneous release of
molecules are attained under change in environmental chemical or physical
conditions [82, 34]. This method, however, necessitates careful synthetic de-
sign of the block copolymer structure and is frequently restricted to use in
particular circumstances. Although lipid-based and polymer-based architec-
tures both have drawbacks, a very promising design combining the two in so
called hybrid membranes has been proposed. The main advantage of hybrid
membranes is that they combine the biorelevance of the lipid building blocks
with the stability and chemical tunability of copolymers. The block copoly-
mers in hybrid bilayers that have been investigated the most on the polymer
side include poly(dimethyl siloxane) (PDMS)[19, 130] or poly(isobutylene)
(PIB)[112, 135] or poly(butadiene) (PBd) [22, 21, 104, 106, 139] as hydrophobic
blocks and poly(ethylene oxide) (PEO) or poly(2-methyloxazoline) (PMOXA)
as hydrophilic blocks. Phosphatidylethanolamine[130, 21] or phosphatidyl-
choline[19, 112, 135, 22, 104, 106] head-groups with either saturated or unsat-
urated tails, which are both significant components of biological membranes,

have been extensively studied in hybrid membranes from the lipid side.

Currently, there is a lack of comprehensive systematic research on the impact
of membrane composition at a global level. However, preliminary findings
suggest that hybrid vesicles exhibit intermediate values for lysis stress, lysis
strain, and stretching elastic moduli, when compared to pure liposomes and
polymersomes. Additionally, it appears that the toughness of hybrid vesi-
cles is enhanced in comparison to liposomes[21, 104]. The initial findings
from the study demonstrate that the release rate of encapsulated substances
in hybrid vesicles composed of poly(ethylene oxide)-block-polycaprolactone
(PEO-b-PCL) and gel state lipids (DPPC) may be controlled by adjusting the
proportion of these two components[121]. Using fluorescence recovery after
photobleaching (FRAP) tests on giant vesciles, it has been seen that the hy-
brid membrane has a better visco-elastic properties[104]. Also, it has been
observed that the hybrid membranes can withstand relatively high osmotic
and shear pressures. Hybrid membranes also proved to be able to host pro-
teins and improve their stability and functionality [140, 96]. Additionally,
it was demonstrated that the selective integration of nanoparticles into a

specific phase of polymer-lipid hybrid vesicles could be achieved through
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suitable surface modification of the nanoparticles[112]. Finally, this strategy
could aid in enhancing the functionality of the membrane surface, which is
crucial in drug delivery methods where precise targeting is required. First
findings derived from nano-scale hybrid vesicles incorporating the folate
ligand demonstrate superior tumor targeting capabilities in comparison to
pure folate-functionalized polymersomes, albeit the underlying mechanism

responsible for this phenomenon remains unknown[21].

5.2 Factors influencing the hybrid membrane prop-

erties

In order to get the desired properties of hybrid membranes, their rational de-
sign and the control over their structure, stability and robustness are neces-
sary. At this purpose, it is crucial to well understand the factors influencing
their properties: 1) chemical nature and structure of both lipid and poly-
mer; 2) size mismatch of the hydrophobic segments of both polymer and
lipid molecules; 3) molecule mixing ratio. All these factors are often inter-

connected and to discriminate one from the other is not easy.

Indeed, the thermodynamic incompatibility between hydrophobic chains of
polymers and lipids may cause a phase separation and the subsequent cre-
ation of liposomes and polymersomes independently due to entropic and
enthalpic discrepancies. In the energetic balance the size mismatch between
the copolymer and lipid also counts. For liposomes, the typical membrane
(bilayer) thickness is 3 — 5nm, whereas for polymersomes (either bilayer for
diblock or graft copolymers or monolayer for triblock), the thickness ranges
from 5 to 50nm. Due to this thickness mismatch, the formation of separate
domains entails a high line tension at the lipid/polymer borders, exposing
hydrophobic polymer segments to water[80]. So, in order to reduce this en-
ergy cost, the copolymer can adapt to the lipid chain if it is flexible enough
(homogeneous membrane), or the lipid can minimise the total boundary en-
ergy length by segregating in bigger domains (heterogeneous membrane).
The ability of copolymers to compensate the size mismatch depend on their
concentration in the bilayer and their flexibility. According to the balance
of all these contributions, the components can be homogeneously mixed or

separated in domains at the nano- or micro-scale.

The first condition to be satisfied in order to obtain hybrid membranes is the
chemical compatibility or affinity between the lipid and the polymer, which
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can be evaluated from the solubility parameter, é. Indeed, all the above men-
tioned copolymers and lipid used in the literature in hybrid membranes pos-
sess relatively close solubility parameters: for instance, 6 = 9.1 cal'/? /em3/2
for the fatty acid tail in lipids and 6 = 7.3 cal'/?/cm?3/2,7.7 cal'/? /em?/2, and
8.32 cal'’? /cm3/2 respectively for PDMS, PIB, and PBd blocks[74, 129, 12].
Once this condition is fulfilled, the other parameters mentioned above inter-

vene and influence the structure of the final bilayer in a not trivial manner.

It has been experimentally observed that the physical state of the lipids i.e
whether it is in the gel or fluid phase, has a great influence on the presence
or not of domains. Hybrid bilayers obtained with DPPC, which is in the gel
state at room temperature, are often heterogeneous whichever the copolymer
used. On the other hand, if the lipid is in the fluid state, i.e. 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), the presence of domains or
not depends on size mismatch, flexibility, structure and molar content of the
copolymer as explained below. For example, heterogeneous mixtures were
observed in PBdy; — PEOg- DPPC systems, resulting in the formation of a
hybrid state where the lipids exhibited an ordered gel phase[59]. The dif-
ferent behaviour of DPPC and POPC was studied for the grafted copolymer
PDMS-g-PEO. When this copolymer was mixed with DPPC, in the compo-
sition range from 50% to 80% mol polymer[19, 90], heterogeneous vesicles
form where lipid-rich and copolymer-rich domains of micrometric size coex-
ist. The same grafted copolymer form stable homogeneous membranes with
POPC at polymer content higher than 60% mol, while if POPC is the ma-
jor component, the micrometric domains spontaneously undergo a budding
and fission process to separate into liposomes and polymersomes[19]. Stable
domains in membranes with POPC can be obtained by adding cholesterol in
the membranes (e.g liposomes) for certain lipid compositions[2, 106]. In the
case of DPPC, the domains size and quantity can be modulated by playing
with temperature. In the case of PBd-b-PEO, it was demonstrated that above
DPPC melting temperature homogeneous membranes are obtained and then,
cooling the system below the melting point at a controlled cooling rate, do-
mains appear. The faster the cooling rate, the smaller and more numerous
get the domains[106].

It is important to note that, according to the lipid and the copolymer, hybrid
vesicles can form in different ranges of molar (or weight) composition that
can be limited and, within this range, the structure of the bilayer can change
depending on the molar ratio between the lipid and the copolymer or their
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size mismatch.

It was shown that a minimum of 65 mol% of PBd4s — b — PEO3q block copoly-
mer was required to produce hybrid vesicles with POPC [104]. Below this
composition the domains initially formed are not stable and undergo bud-
ding phenomena. The effect of size mismatch was explored for this copoly-
mer and POPC [89, 139]: homogeneous hybrid vesicle always formed by us-
ing block copolymer with molecular weights of 1800g mol ! (PBdy; — PEO14)
and 1150g mol ! (PBdi, — PEOq1) [139]; the examination of nanoscale hybrid
vesicles by flow cytometry has revealed that the utilization of the shorter
PBdy, — PEO14 polymer results in a significantly higher yield (about 100%)
of well-mixed hybrid vesicles, as compared to the utilization of the bigger
PBdys — PEO3p polymer[89]. Similar observations about a lack of stability
(resulting in budding and fission) when the polymer fraction is low have
been reported for PDMS based copolymers: it has been demonstrated that,
the higher the block copolymer molecular weight, the lower the polymer
fraction that could be present in homogeneous stable membranes (i.e. stable
homogeneous membranes formed till 84% polymer weight fraction for 1.5K
Da copolymer and till 50% polymer weight fraction for 3kDa copolymers [30,
31]. Ruysschaert et al. suggested that Egg-Phosphatidylethanolamine (EPE)
lipids spread uniformly in hybrid vesicles produced with PMOXA; g — b —
PDMSs 4 — b — PMOXA1 gk terpolymer regardless of the molar content based
on calorimetric studies and fluorescence self-quenching analysis[130]. For
DPPC, membranes look usually homogeneous till 20 mol% lipid, above do-
mains form.

All the cited examples help to partially rationalize the formation of hybrid
membranes, but systematic studies on the same family of copolymer are rare.
Besides, conclusions are made challenging by some experimental details that
are not always mastered. For example, fluorescence microscopy research on
large vesicles have shown that the molar composition of lipid and polymer
in the final hybrid vesicles might differ from the beginning composition [130,
112,135, 21, 104, 106]. Such a problem emphasizes how crucial it is to manage

the formulation process and the requirement for particular protocols.

Simulation studies can help to get a better understanding and allow pre-
dictability, to some extent. In this purpose, the group from Tsao recently
used DPD simulation in order to address the question of hybrid membranes
formed by both diblock [68]) and triblock (formed by an hydrophobic cen-
tral block and two lateral hydrophilic blocks[161, 152]) copolymers and their
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results were qualitatively in accordance with the experimental work on PBd-
PEO[105, 106] and PEO8-b-PDMS22-b-PEO/DPP systems [32, 33] respec-
tively. Triblock copolymers can form membranes where the hydrophilic block
of the copolymers are on opposite sides of the membrane (monolayer or
bridge conformation), on the same side forming loops (bilayer or loop con-
formation) or a mix of these configurations (mixed conformation). Yang et al.
[Yang2019] showed that hybrid membranes formed with the triblock copoly-
mer in the bridge conformation are favoured with respect to those with the
copolymer in the loop conformation as the critical lipid concentration where
the mixing-demixing transition occurred was higher in the former case. Be-
sides, the lipid diffusivity was found to be higher in the bridge conforma-
tion and decreased while the lipid concentration increase[161]. The fraction
of loop conformations of the copolymers decreased while the hydrophobic
size mismatch between the copolymer and the lipid increased[152]. Besides,
the longer the hydrophilic block the more the flip-flop between leaflets and
conformation changes are inhibited and the hybrid membrane is kinetically
trapped in the initial state[152]. Hu et al. conducted a study on the phase be-
havior of hybrid membranes composed of lipids and diblock copolymers by
changing the chemical compatibility, the size mismatch and the lipid concen-
tration. It was observed that when the size mismatch is negligible, the phe-
nomenon of transitioning from a homogeneous distribution (mixing state),
to a lipid-rich domain (demixing state), is driven by weak energy incompat-
ibility (i.e. it is absent in athermal conditions) and is consistently observed
when the concentration of lipids exceeds a critical value. The value of lipid
concentration for the transition towards a demixing state increases when the
degree of unsaturation in lipids increases. It is interesting to note that these
lipid rich domains cross the bilayer and lipid interdigitation is present. If the
hydrophobic length mismatch between the polymer and lipid was increased
(from A3 — Byj to Az — Bys copolymers) the lipid-rich domains became un-
stable and monolayer lipid rafts form (not interdigitated lipid domains) [68].
Lipid diffusivity was evaluated and it was found higher in the case of the
mixing state. Besides, increasing the length mismatch also the lipid diffusiv-
ity increased as the lipid interdigitation was lowered.

We are interested in the modification of overall mechanical properties (i.e.
the bending and stretching modulus, resistance to lysis) of the membrane
when copolymers are added to the lipid bilayer as these parameters were
experimentally showed to be affected. Nevertheless, litterature results are

poor, sometimes contradictory and a clear relationship between membrane
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composition, struture and the mechanical properties is far from being clear.
For example Fouquignon et al. compared the effect of the architecture of
PDMS based copolymers (diblock and triblock copolymers) on the mechani-
cal properties of hybrid membranes and they found that hybrid membranes
formed with triblock copolymers were brittler than those of POPC, while
those formed with diblock copolymers were characterized by higher lysis
strain[46, 33]. This seems to be qualitatively in accordance with what found
for polybutadiene diblock copolymers[104] or with DPPC lipid[20].The rea-
son for the difference between diblock and triblock copolymers is unclear.
On the other hand, the stretching modulus was lower than that of POPC
membranes whichever the chemical nature of the copolymer[104, 46, 33], but
its dependence on the polymer content is not straightforward: Fauquignon
et al[46, 33] found it very similar to that of pure diblock copolymers (PDMS
based), while the stretching modulus changed progressively with the poly-
mer concentration in the case of PBd diblock copolymers[104] and PDMS
triblock copolymers[33]. In the case of DPPC and block copolymers with
a PDMS backbone and PEO grafted chains, the stretching modulus was a
factor 2 lower and dominated by the presence of the copolymer[20]; on the
contrary, PCL diblock copolymers had no effect[72]. Recently it was shown
that PDMS based triblock copolymers as well as PCL based triblock copoly-
mers with big size mismatch increased considerably the stretching modulus
of DPPC based membranes[72].

A systematic comparison between copolymers with different chemical com-
patibility, but same structural parameters is experimentally difficult, then the
simulation approach is particularly valuable. In this work, we started to ad-
dress the question of the effect of lipid volume fraction and chemical compat-
ibility. For calculation time reasons, in order to get costumed with the sys-
tem, we used small symmetric A9 — Bg diblock copolymer characterized by
a small size mismatch with respect to the lipid and investigate the behaviour
of the hybrid membranes under stretching.

5.3 Simulation Setup

The dissipative particle dynamic (DPD) model was used to do the simulation
for the hybrid bilayer made of small polymers and lipids. For comprehen-
sive insights into the employed DPD model, we direct the reader’s attention

to Section 2.1. The initial configuration of the hybrid bilayer was established
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through a random placement of lipid and polymer molecules within the bi-
layer. Subsequently, based on the prescribed simulation parameters, the final

state of the bilayer was obtained.

The structure of the lipids and polymer molecules is displayed in Figure
5.1. The lipid molecule denoted as h3(fs5), is formed of a chain of three hy-
drophilic head beads connected to two linear tails each of them containing
five hydrophobic beads. The polymer molecule AgBy is a linear chain com-
posed of nine hydrophilic and nine hydrophobic beads, .

FIGURE 5.1: Coarse-graining of a) lipid and b) polymer

molecules. The beads called t and b correspond to hydropho-

bic moieties of lipids and polymers, respectively while h, e and

a denote the hydrophilic segments of lipids and polymers, re-
spectively.

In the simulations, we set the thermal energy to kgT = 1.0, and the exponent
in the weight function of the dissipative force to s = 0.5, like in the previ-
ous chapter. Regarding the bonds between the beads belonging to the same
molecule, we set the angular bending stiffness kg = 6.0, the equilibrium an-
gles between two adjacent bonds were defined as 019 = 180°, 6,9 = 90°, and
030 = 135°, (see Figure 5.1 for the angle notation). We also set the linear stiff-
ness k; = 4, and the equilibrium distance rg = 0.0. Note that those values are
different from those in set 1 in the previous chapters. By default, LAMMPS
cancels the conservative forces between the beads in a chain, keeping only
the spring forces. When we use the command "special_bonds", the conserva-
tive forces are activated again, and therefore only a small spring stiffness is

required. As for the equilibrium distance, it is then set by the value of r..

A uniform cut-off radius of r. = 1, which remained consistent for conserva-

tive, dissipative, and random pairwise forces. The random force strength was
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represented by § = 3, yielding a corresponding v value of v = §?/2kgT =
5.625. The time step for the integration of the equation of motion was dt =
0.03, following [53].

The coefficients of the conservative force play a key role here, as they set the
thermodynamic behavior of the system. Their values reported in table 5.1
follow the values taken by [53]. The coefficient a,,, relative to water-water
interactions accounts for the water compressiblity. The other coefficients are
determined to account for the solubility or miscibility of the species.

w t e h a b
780 |104.0 793|758 | 758 104.0
104.0 | 78.0 | 86.7 | 104.0 | 104.0 | 78.0
793 | 86.7 |780|793 |79.3 | 86.7
75.8 | 104.0 | 79.3 | 86.7 | 86.7 | 104.0
75.8 | 104.0 | 79.3 | 86.7 | 86.7 | 104.0
104.0 | 78.0 | 86.7 | 104.0 | 104.0 | 78.0

SR | wg

TABLE 5.1: a;; coefficients between different DPD beads. t and

b denote hydrophobic moieties of lipids and polymers, while h

and a represent hydrophilic segments of lipids and polymers.
w refers to water beads.

We pause here to explain the relationship between a;; and the solubility, fol-
lowing [54]. The DPD method is similar to Flory-Huggins theory of poly-
mers, where molecules of different length are confined to a lattice. The inter-
nal energy is described as a perturbation from ideal mixing. For two compo-
nents A and B, this leads to:

9 (2]
ka = N, lnq‘)A + Np l?’l(PB + XPAaPB, (5.1)

disregarding constants and terms linear in ¢. Here, ¢4 and ¢p are the volume
fractions of the A and B components, N4 and Np are the number of segments
per A and B molecule, and it is implicitely assumed that the lattice is filled
completely, i.e. p4 + ¢p = 1. When A and B are two components that do not
favor contact the parameter yx is positive, and above a critical value, A-rich
and B-rich domains form.

The soft-sphere model in DPD is by nature close to Flory-Huggins lattice

aap
k, T’

where p is the number density, a is the repulsion coefficients and « is a con-

model. The free energy density of a single component is kj,: = = plnp +

stant calculated from the pressure equation of state corresponding to the
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DPD model. The free energy density corresponding to a two-component sys-

tem of chains can be written as:

So _ pa
kT~ N, AT

0B
Np

I (2440% + 2480408 + aBBOR)

nos = T N kyT

(5.2)

Assuming as4 = app and p4 + pp = p = const, correspondence between the
soft spheres free energy fv/(pa + pp and Flory-Huggins free energy F can
be done with the mapping parameter x such that:

20(aap —aaa)(pa+ pB)
K, T

X = (5.3)
Thus, the repulsive coefficient between unlike beads is calculated from this
relationship for a given x parameter. This procedure has been followed by
[53] to set the coefficients given in table 5.1. Since we aimed to study the in-
fluence of the mutual solubility of the hydrophobic sections of the lipid and
polymer molecules, we varied Aay, = ay, — ay in a small range, correspond-
ing to a small variation of the x parameter, where x ~ 0.231Aa (obtained by
[53] for this system). For instance the x parameter ranges between 0 and 0.7
when Aa is varied from 0 to 3. This range of x parameter corresponds to what
can be typically encountered when mixing hydrophobic polymer blocs with
lipid hydrophobic chains. For example, the estimated ) parameter between
polybutadene and n-alkane lies between 0.3 and 0.5 in [91].

We varied another parameter, the composition of the hybrid bilayer con-
stituents, i.e., lipids and polymers, by setting the volume fractions of poly-

mers (¢p) and lipids (¢;). Those volume fractions are defined following:

__ total number of polymer beads in the membrane
p =

total number of beads in the membrane (54)

total number of lipid beads in the membrane
Z =

total number of beads in the membrane (5:5)

In our simulation, the overall water volume fraction (¢,) is maintained at a
tixed value equal to 0.74, like in the work of Hu et al.[68]. Thus, the volume
fraction occupied by membrane beads is (1 — ¢,,). We employ a cubic simula-

tion box characterized by dimensions Ly, Ly, and L;. The number density is



5.3. Simulation Setup 85

Py | Composition |
10% | (2316 Lipids & 186 Polymers)
20% | (2058 Lipids & 372 Polymers)
30% | (1800 Lipids & 558 Polymers)
40% | (1544 Lipids & 744 Polymers)
50% | (1286 Lipids & 928 Polymers)

TABLE 5.2: Number of lipids (N;) and polymer molecules (N;)
constituting the membrane at a given polymer volume fraction.

set to p = 3. The total number of beads in the system N; = (p X Ly X Ly x Ly).
If ¢, is maintained at a constant value of 0.74, . The number of polymer beads

(3, (#) 0 )

is determined as

where 18 represents the total number of beads in a polymer. Similarly, the
number of lipid beads N is calculated as

(1= Q=)

with 13 being the total number of beads in a lipid. This approach allows us
to precisely control the composition of the system. Table 5.2 summarizes the
number of lipids and polymers corresponding to a given polymer volume
fraction.

In order to study the change in surface tension with the membrane stretching,
we varied the area of the membrane by changing the box dimension for a
given composition. Table 5.3 summarizes the calculated values of the Area
per Molecule (APB) associated with the box size, for various polymer volume

fractions (¢p), from:

(Ly x L)
Np+N
(55%)
For example, for a hybrid bilayer with a polymer volume fraction of 30%

(i-e., ¢p = 10%) and given values of N, = 558, N; = 1800, and L, = L, = 36,
the calculated area per hybrid molecule is 1.09 (as shown in Table 5.3). The

APB = (5.6)

values of N, and N; utilized in Equation 5.6 are sourced from Table 5.2.

Note that the empty spaces in table 5.3 correspond to the limits where the
structural configuration of the hybrid bilayer changes: buckling at small box
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| Box size | 10% | 20% | 30% | 40% | 50%
343 1.04
35° 1.07 | 1.11
36° 1.03 [ 1.06 | 1.09 | 1.13 | 1.17
373 1.09 | 1.13 [ 1.16 | 1.19 | 1.23
383 1.15 | 1.18 [ 1.22 | 1.26 | 1.30
393 121 [ 125]1.29 | 1.33 | 1.37
40° 127 [ 132135 | 1.39 | 1.44
413 134 | 138 [ 142 | 146 | 1.51
423 141 | 145|149 | 1.54 | 1.59
43° 147 | 152 | 1.57 | 1.61 | 1.67
443 154 | 1.59 | 1.64 | 1.69
453 1.62 | 1.66 | 1.71
46° 1.69 | 1.74 | 1.79
473 1.76 | 1.82
483 1.84

TABLE 5.3: Area per Molecule (APB) for different polymer vol-
ume fractions (¢).

% =
fr;;';}’.’. »

AT

o N

bt B %
% = n s

FIGURE 5.2: Top view of a hybrid bilayer with large area per
molecule, illustrating the membrane disruption (hole forma-
tion). The red and yellow beads represent respectively hy-
drophobic and hydrophilic beads of lipids. The blue and light
pink beads represent hydrophobic and hydrophilic polymer
segments, respectively (the blue beads are barely seen). The
simulation was carried with Aay, = 0, ¢, = 50% and APB=1.75.

sizes and membrane breaking when the box dimension is large. For instance,
figure 5.2 shows a large hole formed in a hybrid bilayer, during a simulation
carried with Aay, = 0, ¢, = 50% and APB=1.75. Interestingly, the larger
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the polymer concentration, the smaller is the area per molecule at which the
membrane breaks. This agrees with the findings of Groot and Rabone [53]
using surfactants (smaller than the polymers here).

Time x10%

FIGURE 5.3: Surface tension ¢ as a function of time (in DPD

units), recorded for Aay, = 2, ¢, = 50% and APB=1.59. The

simulation corresponds to the case from which the bottom left
snapshots in Figure 5.12 has been taken.

5.4 Surface tension of a stretched hybrid bilayer

The main static property that we examined is the surface tension of the mem-
brane as a function of the area per molecule. From this dependence, one
can obtain information on the membrane elasticity and plasticity. Since ev-
ery macroscopic property can be directly impacted by the structure at the
micro-scale, we have also tried to examine whether molecular assembly takes
place in the membrane, in the form of clusters. We focused on the impact
of two crucial parameters: the chemical compatibility between the polymer
and lipid hydrophobic chains, to which the parameter Aay, is intimately con-
nected, and the polymer concentration ¢,. For this study, we varied Aay,
between 0 and 3, and for each Aay, we varied systematically the polymer
fraction ¢, from 10% to 50%.

Ata given ¢, the box size (especially in the y and z directions) sets the value
of the area per lipid. The interfacial tension ¢ of the hybrid bilayer was then
measured from the integral of the difference between the stress in the normal
and tangential directions along the normal direction. The surface tension
fluctuates in time, as shown in figure 5.3. Depending on the initial state, the
surface tension relaxes to the steady state in approximately 1000 DPD time

units. The standard deviation corresponding to surface tension fluctuations
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is not significantly dependent on the structures that take place in the hybrid

bilayer as it will be shown in the following.

Influence of simulation box size

Aﬂlh 0 Big
4t |+ Aa, =3 Big

_e_-_\nlh—ﬂ Small
Qulh=3 Smatl

1 A 2 3 1.4 L.5 L6 7 ]
APB

FIGURE 5.4: The surface tension of a bilayer as a function of the
projected area per molecule, for two different membrane sizes.
The polymer concentration is ¢, = 30% and Aay,.

Most of the simulations were carried with the membrane which composition
is given 5.2 and the box size given in 5.3. Those simulation domains are rela-
tively small, allowing us to carry this study with a reasonable cost, knowing
that a large number of simulations is required, i.e. around 200 simulations
to cover all the range of polymer concentration and chemical compatibility.
In one particular case, polymer volume fraction (¢, = 30%), we considered
a membrane twice larger along y and z directions, while the box length is
kept unchanged in the x direction. The box size and the associated area per
molecule are given in Table 5.4. The number of lipids and polymers were in-
creased for the larger membrane (they are multiplied by 4). As an illustrative
example, for ¢, = 30%, the number of polymers and lipids are N, = 2232
and N; = 7200, as compared to N, = 558 and N; = 1800 in the smaller, as
reported in Table 5.2. Using the larger membrane, the area per molecule as a
function of the box size is given in Table 5.4.

Figure 5.4 shows the increase of the membrane surface tension with APB. As
the membrane is stretched by increasing the area per molecule, the surface
tension increases as well. This is associated with the higher exposure of the
hydrophobic sections of the amphiphilic molecules to the ambient solvent,
and the subsequent stronger repulsive forces at the interface. It can be ob-

served that the membrane size has no significant influence on the curves of
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’ (Lx,Ly,Lz) \ APB ‘
(45,72,72) | 1.09
(45,74,74) | 1.16
(45,76,76) | 1.22
(45,78,78) | 1.29
(45,80,80) | 1.36
(45,82,82) | 1.42
(45,84,84) | 1.50
(45,86,86) | 1.57

TABLE 5.4: Area per moleucle (APB) (in [r?]) corresponding to
the simulations of the (four times) larger membrane.

the surface tension, in the linear (elastic) and non-linear (plastic) regimes, ex-
cept near the area per molecule that leads to the tensionless state. In that
case, the surface tension is very sensitive to the membrane finite size as well
as the membrane constituents. In the rest of this document, only the smaller
membranes will be considered.

Effect of the polymer concentration ¢,

1 Ll 12 13 14 15 L6 1T L& 19 0.9 L1 ]-iR\P;-‘ 14 1.5 1.6
APB ALBALB,

FIGURE 5.5: The surface tension of a bilayer as a function of

the projected area per molecule APB [LEFT] and as a func-

tion of APB/APBy [RIGHT], where APB denotes the area per

molecule at the tensionless state. The polymer volume fractions

¢p is varied between 10 and 50%, while Aay, = 0. GR denotes
the pure lipid bilayer.

First, simulations were carried with Aay, = 0, while the polymer volume
fraction ¢, was varied. This allowed then to examine the variation of the
surface tension (¢) in response to the change in the area per molecule (APB).
Within this study, the total quantities of lipid and polymer molecules were
held constant (as shown in Table 5.2), while the dimensions of the simulation
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box were systematically expanded in small increments until hybrid bilayer
breaks. For each resulting box size, surface tension measurements were com-
puted. The relationship between the measured surface tension (¢) and APB is
displayed in Figure 5.5 for Aay, = 0. The pink curve resulting from the pure
lipid bilayer (denoted by GR) is included in this graph for comparison. From
this figure, it can be observed that as soon as we include polymers in the
membrane, even in small percentage, the curve of the surface tension shifts
left, or said differently surface tension increases at a given area per molecule,
both in the elastic regime (at small area stretching) and in the plastic regime
(atlarge area stretching). During the simulation time, the polymers remained
well dispersed in the bilayer (no clear phase separation was detected) for all

the concentrations considered.

10 15 20 25 30 35 40 45 50

Pp

FIGURE 5.6: Area per molecule at the tensionless stage APBy as
a function of the polymer concentration ¢, for Aay, = 0.

Figure 5.6 shows the area per molecule at the tensionless state APBy, corre-
sponding to the intersection between the curves in the left panel of figure
5.5 and the zero surface tension axis. We observe that the decrease of APB
with the concentration is weaker than a linear decrease expected for simple
geometrical arguments, indicating some additional repulsion among Bg moi-
eties. When the area per molecule is normalized by APBj, the curves of the
surface tension for different concentrations collapse, as shown by the right
panel of figure 5.5. Interestingly, the membrane can sustain larger stretching
when the polymer is added, even at the lower volume fraction 10%. A sim-
ilar effect of reinforcement was observed experimentally in the case of giant
hybrid vesicles made of POPC and poly(dimethylsiloxane)-b-poly(ethylene
oxide)[46]. Note that in this study we did not vary the stiffness of the poly-
mer chains. The absolute value of the surface tension may depend on this
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stiffness. However we expect that the observed trends would be unchanged

as long as the hybrid bilayer remains int he fluid state.

H

APB

FIGURE 5.7: The surface tension of a hybrid bilayer as a func-
tion of the projected area per molecule for different repulsion
parameter Aay, and ¢, = 10%.

Effect of the chemical compatibility Aay,
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FIGURE 5.8: The surface tension of a bilayer as a function of

the projected area per molecule APB [LEFT] and as a func-

tion of APB/APBy [RIGHT], where APBj denotes the area per

molecule at the tensionless state. The polymer volume fractions

¢p is varied between 10 and 50%, while Aay, = 3. GR denotes
the pure lipid bilayer.

Next, we varied Aay, between 1 and 3 in order to study the effect of a chemical
compatibility between the hydrophobic sections of the molecules at a given
polymer concentration ¢,. At low polymer concentration, the right panel of
figure 5.7 shows that the membrane surface tension and its dependence on
the APB are independent of Aay, (plotted for ¢, = 10%). This would suggest
that the membrane mechanics is not affected by the chemical compatibility.
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However, at higher polymer concentrations (40 or 50%) figure 5.8 shows that
the trends of the surface tension are slightly changed at Aay, = 3 compared to
Aay, = 0. As expected for small lipid-polymer size mismatch, a high content
of copolymer is necessary to see some effect on the rheological properties of
the hybrid membranes.

09 11 1.2 1.3 14 1.5 1.6
APB/APB,

FIGURE 5.9: The surface tension of a hybrid bilayer as a func-

tion of the projected area per molecule[LEFT] and as a function

of APB/APB, [RIGHT], for different repulsion parameter Aay,

and ¢, = 50%. The black right (resp. yellow left) triangles indi-

cate the simulations where the snapshots of figures 5.11 (resp.
5.12) are taken .

Hence, we decided to focus on ¢p = 50% and to examine the dependence
of the surface tension curves on Aay,. Figure 5.9 shows that the surface ten-
sion curves vary with Aay, in a non-monotonous way compared to the ref-
erence case with Aay, = 0. When Aay, increases (or chemical compatibility
decreases), the curves of the surface tension in the linear regime shift right,
toward the curve of the pure lipid bilayer. Said differently, at the same area
per molecule, the surface tension decreases when Aay;, increases. We will see
in the next section, that this effect is related to polymer clustering in the form

of domains.

At this stage of the work, it is not possible to compare with experimental
results. Indeed, for easiness of calculation we have chosen quite small and

somehow rigid polymer molecules compared with real systems.

Before moving to the next section, we would like to comment on the stan-
dard deviation of the surface tension measured after the average value has
reached the steady state. We compared the standard deviation of surface
tension corresponding to the 8 marked points (black and yellow triangles

in figure 5.9). For the black triangles which correspond to the points close to
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tension less state, the standard deviation is 0.30, whereas for the yellow trian-
gles, the standard deviation is between 0.21 and 0.23. This indicates that the
standard deviation varies weakly with the state of the membrane compared

to variation of the surface tension with the membrane strain.

5.4.1 Emergence of polymer domains

Since the effect of chemical compatibility appears to be non-trivial at high
polymer concentration, we tried to examine if phase separation occurs in
that case. A profile view of the hybrid bilayer in figure 5.10 (for Aay, = 3,
¢p = 50%) shows that indeed polymers self assemble in the form of clusters
(or domains). Then we tried to examine the occurrence of clustering as a
function of the different parameters, from simulations corresponding to the
marked points in the right panel of figure 5.9.

FIGURE 5.10: Profile view of a hybrid bilayer with both lipids

and polymers, corresponding to a simulation with Aay, = 3,

¢p = 50% and APB=1.23. The red and yellow beads repre-

sent respectively hydrophobic and hydrophilic beads of lipids.

The blue and light pink beads represent hydrophobic and hy-
drophilic polymer segments.

Figures 5.11 and 5.12 show snapshots of the membrane at ¢, = 50% and
different Aay,. Those snapshots are taken after 1 million time steps. With
At = 0.03, this corresponds to a simulation time equal to 30000 DPD time
unit. Here only the lipid phase is shown, the white regions are occupied
by the polymers which are omitted for more clarity. A larger white area in-
dicates a larger polymer cluster. The emergence of these polymer clusters
occurs after approximately 50,000 time steps which correspond to 1500 DPD
time units starting from a random initial distribution.
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FIGURE 5.11: Top view of the hybrid bilayer from the simu-
lations marked by right black triangle on figure 5.9 (APB is
close to APBy). [TOP LEFT] Aay, = 0 and APB=1.17, [TOP
RIGHT] Aay, = 1 and APB=1.17, [BOTTOM LEFT] Aay, = 2
and APB=1.23, [BOTTOM RIGHT] Aay, = 3 and APB=1.23.

When the area per molecule is close to the value that leads to the tension-
less state (low membrane stretching), figure 5.11 shows that at vanishingly
small chemical compatibility, the polymers remain well mixed with the lipids
(no white regions are observed). However for Aay, = 2 and 3 polymer do-
mains emerge. Nevertheless, figure 5.12 suggest that when the membrane is
stretched so that the area per molecule APB is much larger than the area at
equilibrium APBy, polymer domains form as soon as Aay, is different from
0. Moreover, it seems that those domains are more circular in this case, com-

pared to the ones observed in the membrane at low tension.
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FIGURE 5.12: Top view of the hybrid bilayer from the simu-
lations that are marked by left yellow triangles on figure 5.9
(APB >> APBy). [TOP LEFT] Aay, = 0 and APB=1.67, [TOP
RIGHT] Aay, = 1 and APB=1.59, [BOTTOM LEFT] Aay, = 2
and APB=1.59, [BOTTOM RIGHT] Aay, = 3 and APB=1.59.

5.5 Conclusion

In this chapter we investigated the evolution of hybrid bilayers in time, in
the presence of small polymers dispersed in the bilayer. We have shown that
when the hydrophobic sections of the lipids and polymers are perfectly solu-
ble in each others, the surface tension of the bilayer in response to the mem-
brane stretching is similar to that of a pure lipid bilayer, provided that the
area per molecule is normalized by the area per molecule at the tensionless
state. A slight chemical incompatibility induces polymer clustering when the
polymer concentration is large, leading the curve of the surface tension (as a

function of the area per molecule) to approach that of the pure bilayer.

As mentioned at the end of the introduction, we have chosen small polymers

with very small size mismatch and relatively rigid. It will be necessary to
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play with the molecular flexibility and the size of the polymer in order to
approach a real system as much as the calculation needs can allow. In order
to validate our approach, we will have first to compare the simulation results
with experimental data where the structural parameters are varied and then
we will be able to use our simulations in order to evaluate and predict the

effect of chemical compatibility.
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Chapter 6
Concluding remarks and Outlook

This work was motivated by engineering soft nano-vectors for drug delivery
applications. The advantage of administrating soft materials is their lower
toxicity during the elimination process by the body compared to hard ma-
terials, more commonly investigated. Exhaustive characterization of the in-
teraction between the nano-vector and the membrane, including hydrody-
namic and physico-chemical cues, is currently lacking. While the questions
associated with this topic are numerous and require joint efforts from differ-
ent scientific communities interested in soft matter, the answers brought by
this work are only partial, but they provide a preliminary brick for future

investigations.

The mesoscopic model, Dissipative Particle Dynamics, has been chosen for
its simplicity and the possibilities it offers to capture both hydrodynamic and
thermodynamic effects. The soft interaction potentials between beads allow
to access larger time scales compared to Molecular Dynamics, based for in-
stance on Lennard-Jones potentials. We have used the DPD readily avail-
able in the open source LAMMPS software. We attempted to invesigate the
Brownian motion of a micelle formed from a self-assembly of polymer-like

molecules.

The micelle Brownian motion was explored in a situation where the mem-
brane relaxation time is of the same order as the micelle diffusion time scale.
While seeking for a set of parameters that allows to capture quantitatively
both thermodynamic and mechanical properties of the system (SET2 in chap-
ters 3 and 4), we found that the time step becomes very small compared
to physical time scales at play which compromises the method attractivity.
For this reason, we have focused on SET1 (see chapter 3 and 4) that leads
to more accelerated dynamics and allowed to investigate the Brownian mo-

tion. The interpretation of this dynamics remains qualitative as the number
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of available trajectories is limited 15-45 trajectory per initial particle position
and initial particle size. The numerical simulations capture the anisotropy in
the Brownian motion when the distance between the micelle center of mass
and the membrane midplane is around three times the radius of gyration.
This observation was done for 2 different micelle sizes. Also the motion was
found to be subdiffusive in the normal direction, similar to a previous theo-
retical work on a solid nano-particle near an elastic membrane. As the dif-
fusive length scale is of the same order as the micelle distance to the mem-
brane, the Brownian trajectories integrate the change in the micelle position
which makes the comparison with existing theories (at a fixed position) not
straightforward.

To extract more quantitative information about the particle diffusion near the
membrane, a larger set of trajectories should be carried in the future. Frish-
man and Ronceray [49] have recently developed a robust numerical method
using stochastic force inference, in order to evaluate spatially varying force
fields and diffusion coefficients, from the information contained within the
trajectories. According to their tests, the method precision is good using a
number of trajectories of order 100, instead of 1000 required for instance for
the binning procedure that we used in chapter 4. This is a promising feature

with respect to our analysis.

To assess the dynamics for different particle sizes, the DPD method with the
present coarse-graining is very expensive from computational point of view.
It is recommended to increase the length scale associated with the system
coarse-graining. The Smooth-Dissipative-Particle-Dynamics [153] could be

promising for the description of fluctuating hydrodynamics in this system.

While designing the polymer micelle, many questions are associated with
the polymer size and physico-chemical properties, as those parameters deter-
mine whether the micelle dissociation will occur during the internalization
process by the cell membrane. In chapter 5 we have started to investigate
some of those aspects, by examining the membrane mechanical properties
under stretching as well as phase separation in the membrane as a function of
the polymer concentration and their chemical compatibility with the lipids.
Those parameters are hard to vary independently in experiments, hence the
interest of carrying numerical simulations. The preliminary findings here
suggest that the polymer domains occur only at finite chemical incompatibil-
ity, and that the stretching modulus at high polymer concentration increases
with the chemical incompatibility. The numerical system has not yet been
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validated against experiments. This is essential to move forward with the

study.
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