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One of the key challenges in the design of self-assembled nanostructured
materials as delivery vehicles is the prediction of their resultant shape and size as well as
controlling their interactions with various nanoparticles and macromolecules while
optimizing their circulation time and biodistribution profile. In order to overcome the
challenges behind the optimal design of such nanostructured soft materials, the
mesoscopic properties of soft biomaterials such as cell membranes or liposomes need to
be investigated. Fundamental insight into the morphology and dynamics of these
materials will require the development and utilization of a suite of modeling tools with
each class of tools tuned to address physical phenomena over a specific spatio-temporal
scale. These multiple modeling techniques have to be interfaced at the juncture of two
scales to enable a multiscale resolution of the system behavior over large length (from 1

nm up to 1 um) and time scales (nano-seconds to micro-seconds). The aim of this work



to understand the underlying mechanisms that affect the organization, shape, stiffness and
interfacial stability of biomaterials, and furthermore investigate the cooperative relations
among them which dictate their final structural and functional state. Understanding these
fundamental processes can help developing simple models of stable bio-inspired
membranes and vesicles with tunable phase segregation properties as well as desirable
stiffness and shape characteristics for various applications such as the design and
prediction of novel hybrid soft materials for encapsulation and delivery of therapeutic
agents, cellular sensing and sustainability. It will also contribute to understanding the
underlying mechanisms of the interactions between micelles, proteins or synthetic
particles with bio-inspired multi-component membranes, or liposomal drug delivery

vehicles.
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Chapter 1

Introduction and Objectives

Biological cell membranes are dynamic, responsive multi-component soft
materials which separate and protect the cellular contents from the external environment,
and participate in vital functions, such as intracellular and extracellular traffic, sensing
and cell signaling." These membranes are composed of a variety of amphiphatic
molecules which can self-organize to modulate the membrane tension and thereby, its
mechanical properties to facilitate various physiological processes, or promote binding or
catalytic events at the membrane interface.>** Earlier studies? have shown phospholipid
molecules to be the primary component of cell membranes; these amphiphilic entities
have a hydrophilic head group and two hydrocarbon tail chains. The head and tail groups
of the phospholipid species can have distinct chemistries which endows a characteristic
molecular geometry®’ and transition temperature®*°, and drives the self-organization of
the various species into domains or rafts.**"** The active nature of the cell membranes
allows it to modulate its tension via the reorganization of its molecular constituents,
thereby facilitating a multitude of cellular functionalities such as interfacial binding,%
fusion, budding and vesiculation events.**?” For example, cells can maintain their
mechanical properties under a range of thermal conditions by adjusting the molecular
composition of their membrane.?®* Investigations have shown domain and raft formation
in cell membranes to be critical for interfacial binding events on the cell surface,***!
responsible for promoting intra- and extracellular communication. A fundamental

understanding of the physico-chemical mechanisms driving the formation of domains and



rafts in membranes will enhance the development of novel therapeutic approaches
targeting these processes.

In addition to the organization of the molecular species in the membrane, their
stiffness is also critical for the physiological functions of the cell membranes as well as
the design of lipid based drug delivery vehicles. The stiffness of the hydrocarbon tails of
lipid molecules is dependent upon their length and saturation.?*3* Lipid molecules with
shorter hydrocarbon tails have lower stiffness and viscosity as they are more susceptible
to changes in kinetic energy.**** Unsaturated lipid molecules are unable to pack as tightly
as saturated lipid molecules due to the kinks in their hydrocarbon tails, and are therefore
more susceptible to changes in kinetic energy. The stiffness of the lipid molecules is
known to affect the stability and bending rigidity of the lipid bilayers.*** It has also
effects on the dynamical properties of the membranes such as mechanical rupture
strength and water permeability.®**® The living cell membranes must be strong enough to
regulate the permeation of the small molecules across the cell and also flexible enough to
allow them move and change shape easily.* For example, the red blood cells are able to
flow through the capillaries whose diameter is three times smaller than that of the red
blood cells.® Similarly, the drug loading capability and circulation time of the drug
delivery vehicles in the blood stream depend on the elasticity of the membranes.3**

The shape of the drug delivery vehicles play important role in determining their
behavior in the living systems. The shape is considered to be one of the most effective
factors influencing the circulation time and biodistribution profile of the drug delivery
vehicles. For example, it has been shown that filamentous worm-like micelles

(filomicelles) have longer circulation times than the spherical micelles due to their



improved transport and trafficking characteristics.®® There are also attempts to design
deformable particles which are similar in their size and shape to the red blood cells so
that they will have longer circulation time and improved biodistribution profile.*” The
improved delivery characteristics mentioned in these examples are also considered to be
affected by the elastic modulus of the vehicles.*”* The molecular stiffness of the species
can affect the local curvature of the lipid aggregates via controlling the packing of the

molecules in the bilayer. Dobereiner et al.*

demonstrated that vesicles composed of two
lipid species which have different hydrocarbon tail lengths adopt more elongated shape
upon an increase in the temperature. In this case, lipid molecules with shorter
hydrocarbon tails will be more susceptible to changes in temperature, and thus have

lower chain stiffness. Nieh et al.*°

studied ellipsoidal unilamellar vesicles composed of
ternary lipid mixtures, and speculated that the ellipsoidal morphology might be a result of
the lateral heterogeneities due to the presence of saturated and unsaturated lipid species
with different hydrocarbon chain lengths. Another study by Sandstrom et al.*t
demonstrated a mixture of phospholipids and PEGylated lipids with different
hydrocarbon chain melting temperatures to form cylindrical micellar structures at high
temperatures, which transform to circular discoidal structures upon decreasing the
temperature. They also reported long threadlike micelles to transform into more circular
shapes with the addition of molecular components that increase the chain order of the
lipids in the bilayer, such as cholesterol. These findings show that the chain stiffness of
molecules in the bilayer has an impact on the resulting shapes of the aggregates.

The carbohydrate chains on the surface of cell membranes can inspire the design

of biocompatible therapeutic targeted delivery vehicles with longer circulation times via
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the use of end-functionalized phospholipids. Earlier investigations have
demonstrated liposomes composed of end-functionalized lipids to have extended
circulation due to enhanced stability promoted by its steric hindrance. Sterically stable
biocompatible materials can be designed so as to completely eliminate or significantly
reduce the interactions with untargeted cells and adsorption of proteins onto their surface.
A common route to designing sterically stable liposomes is via the grafting of Poly

ethylene glycol (PEG) chains to the lipid head groups*’? PEG chains have been shown

49-51 41,51,52 50,53,54

to control the size, morphology, compressibility, encapsulation

49,55,56

efficiency and permeability of liposomes.*** The shape of the sterically stabilized

lipid aggregates can be influenced by the spatial distribution of curvature-inducing
functional groups present in the bilayer.>”

In addition to intrinsic factors such as molecular interactions, architecture and
composition, extrinsic factors such as the volume of the confinement can be also used for
controlling the shape of aggregate structures.>® Earlier studies have shown the size and
geometry of the confining region to control the morphology of self-assembled materials
on account of the increased local concentration, configurational frustration of the
molecules and interactions with the confining surfaces.®*®? The dimensions, geometry
and surface selectivity of the confining environment have been found to strongly affect
the self-assembled morphologies of block copolymers.®*®3*" On the other hand, the role
of the relative concentration of the molecular species, their molecular geometry and the
height of a slit-like confining volume on the structure and morphology of the lipid

aggregates is still not well understood. Confinement induced microfluidic self-assembly

can be used to produce lipid-polymeric nanoparticles for drug encapsulation or lipid-



guantum dot nanoparticles for imaging purposes. This technique is advantageous
compared to the conventional methods for the synthesis of multicomponent nanoparticles
since there are no additional steps like heating, vortexing and long incubation times and
the reproducibility of the particle size distribution is much higher by using microfluidic
directed self-assembly.®® The impact of confinement can also be used to study shape
transformations of red blood cells due to entropic contributions.*

The aim of this work to understand the underlying mechanisms that affect the
organization, shape, stiffness and interfacial stability of biomaterials for various
applications such as the design and prediction of novel hybrid soft materials for
encapsulation and delivery of therapeutic agents, cellular sensing and sustainability by
using modeling techniques which enable a multiscale resolution of the system behavior
over large length (from 1 nm up to 1 um) and time scales (hano-seconds to micro-
seconds).

All-atom simulations of lipid bilayers that resolve the dynamics of the lipid and
water molecules are computationally expensive and limit the investigation to small
spatio-temporal scales.””’® These tools are not suitable for addressing phenomena
occurring on the mesoscale, such as membrane fusion and rupture, and domain formation

in the multicomponent membranes.’” Dynamics spanning large length and time scales can

3,35,60,78-96 70,71,77,79-81,97-100

be resolved via coarse-graining , implicit solvent approaches or

mean field theoretical approaches.'®*® Numerical studies have adopted implicit solvent

110

models to investigate phase segregation dynamics via Monte Carlo™™ and coarse-grained

Molecular Dynamics (MD)? techniques. Other studies have used a MD-based approach

(DP D) ’ 1,3,4,14,15,35,60,82-86,111-116

entitled  Dissipative  Particle  Dynamics which



simultaneously resolves both the molecular and continuum scales, and reproduces the

hydrodynamic behavior, to examine phase segregation in multi-component lipid

4,14,15,111,112,117,118 17,18,119

vesicles. Continuum approaches have also been used to
investigate the phase separation dynamics in mixed membranes. In this dissertation, two
different coarse-grained MD based simulation methods will be used. One of them is DPD
method which is capable of capturing the hydrodynamic effects and the other one is the
coarse-grained implicit solvent MD which does not have any solvent molecules but it is
capable of capturing larger length and time scales due to the fact that most of the time in
explicit-solvent simulations has been spent on the solvent molecules. The coarse-grained
implicit solvent MD enables studying the system sizes of around ~ 1 micron and time
scales of around ~1 — 10 microseconds.

This dissertation is composed of 3 chapters which focus on understanding the
factors affecting the organization, stiffness, shape and stability of the multicomponent
lipid based systems and the underlying mechanisms of the interactions between
biological particles or synthetic particles with them. The specific objectives of each
chapter are described as follow:

Chapter 2 - Designing Bio-Inspired Multi-component Vesicles via Dissipative
Particle Dynamics and Implicit Solvent Molecular Dynamics Simulation Methods:
Investigating the role of chemical dissimilarity in the head and tail groups of the lipid
species on the phase segregation and structural properties of binary vesicles by using

DPD method. Identifying the effect of the molecular stiffness on the phase segregation

process and the vesicle shape. Obtaining the relation between the phase segregation and



thermodynamic variables such as interfacial line tension and surface tension, and
correspondence between existing theory and experiments, and the simulation results.

Investigation of the self-assembly of single and binary component vesicles
composed of two-tail phospholipid molecules, and the phase segregation in a binary
vesicle by using implicit solvent coarse-grained molecular dynamics technique.
Demonstrating the formation of fluid lipid bilayer in the absence of solvent by using
broad attractive potentials between the hydrocarbon tail beads. The measurement of the
scaling exponents for the coarsening dynamics in a binary system and comparison of the
results with previous theoretical and simulation studies. Characterization of the physical
properties of binary vesicles such as area per lipid and bilayer thickness as a function of
temperature and degree of dissimilarity between the tail groups of two lipid species.
Chapter 3 - The Design of Shape-Tunable Hairy Vesicles: Demonstrating the
formation of sterically stable biocompatible vehicles aka ‘hairy vesicles’ via self-
assembly of phospholipids and pegylated lipid molecules by using DPD simulation
method. Determination of the growth dynamics and size distribution of hairy vesicles
during self-assembly process. Determination of the optimum distribution of hairy lipids
in the self-assembled vesicles. Identifying the factors such as phase separation, molecular
stiffness and relative concentration of the species, and hair length that can control the
shape of the vesicles.

Demonstrating the formation of self-assembled hairy vesicles under volumetric
confinement and investigating the effect of confinement on the shape changes and
aggregation dynamics of hybrid aggregates at different relative concentrations of the

hairy lipids and hair lengths.



Chapter 4 - Modeling Interactions between Patchy Nanoparticles and Multi-
component Nanostructured Soft Biomaterials: Investigating the effects of the relative
size of the NPs to the hair length, and the relative concentration of the hairy lipids on
adsorption behavior of nanoparticles on to the surface of hairy vesicles. Identifying the
effects of the relative affinity of the nanoparticles for the tethers and phospholipid head
groups on their adsorption behavior. Determination of the diffusive behavior of
nanoparticles on the surface of hairy vesicle.

Implementation of long range screened electrostatic interactions in the implicit
solvent model developed for two-tail phospholipid molecules as demonstrated in Chapter
2. Application of this model on studying the interactions between charged nanoparticles
and multicomponent vesicles. Investigating the effects of nanoparticle adsorption on the

reorganization of molecular species in the vesicle bilayer.

Chapter 2

Designing Bio-Inspired Multi-component Vesicles via Dissipative
Particle Dynamics and Implicit Solvent Molecular Dynamics

Simulation Methods

The publications relevant to details of the discussions provided in this section:
e Aydin, F., Ludford, P., Dutt, M., 2014, Phase segregation in bio-inspired multi-
component vesicles encompassing double tail phospholipid species. Soft Matter

10 (32), 6096-6108.



e Aydin, F., Dutt, M., 2014, Bioinspired Vesicles Encompassing Two-Tail
Phospholipids: Self-Assembly and Phase Segregation via Implicit Solvent Coarse-
Grained Molecular Dynamics. J. Phys. Chem. B 118 (29), 8614-8623.

Contributions to this work:

e Implementing modified potentials for the implicit solvent CG MD model into the
open source code called Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).

¢ Running the simulations

e Writing the computer programs which are used to characterize the system
e Performing the analysis and visualization of the system

e Writing the manuscript

2.1 General overview on coarsening dynamics in multi-component
bilayers

Phospholipid molecules are the primary component of cell membranes and they
are composed of a hydrophilic head group and two hydrocarbon tail chains which can
have distinct chemistries. This will give phospholipid molecules a characteristic

molecular geometry®’ and transition temperature®*°

, and result in the formation of
domains or rafts via self-organization of various molecular species.*** Earlier
experimental investigations have demonstrated phase segregation in two-component

120121 and vesicles.'?® These investigations were performed

phospholipid membranes
using lipid species with dissimilar polar head groups (and identical hydrocarbon tail

groups), or identical polar head groups (and hydrocarbon tail groups of different



10

lengths).**3*%° Macroscopic sized domains have been also shown to form in ternary
mixtures composed of a lipid with low melting temperature, a lipid with high melting
temperature and cholesterol.**%?"12% The relative concentrations of the lipids and the
temperature determine the area fraction of each phase. For temperatures corresponding to
a two-phase region: the early stages of the coarsening dynamics is accompanied by the
nucleation of small domains due to the lateral diffusion and collision between the lipid
molecules followed by their coalescence, or the Ostwald ripening mechanism.™ At latter
times, the growth of the domains occurs via their diffusion, collision and coalescence,
with the kinetics determined by the membrane and the bulk fluid.****

The existing particle-based numerical studies on the coarsening dynamics in
multi-component bilayers have modeled the lipid molecules with a single hydrocarbon
chain.***1>211 1nyestigations on binary vesicles composed of two-tail lipids of different
chain length have explored the effect of the relative concentration of one of the lipid
species on the mechanical properties of the vesicles.*? This work focuses on a bilayer
vesicle composed of two types of phospholipid molecules (each species has two
hydrocarbon tails) which are the major component of biological cell membranes. Studies
on multi-component vesicles have identified four key length scales which determine the
phase segregation process: the hydrodynamic diameter, the domain size, the correlation
length for domains in the vicinity of a critical miscibility limit and the vesicle diameter.®
Numerical studies of coarsening dynamics in multi-component bilayers must be able to
resolve the relevant spatio-temporal scale to capture all stages of the phase segregation
process. This work considers these key length scales by adopting a mesoscopic particle-

based computational approaches entitled Dissipative Particle Dynamics (DPD) and
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implicit solvent coarse-grained MD, which can simultaneously resolve both the
molecular and continuum scales.
2.2  Dissipative Particle Dynamics (DPD)

2.2.1 Technical background

DPD is a mesoscopic MD-based simulation technique that uses soft-sphere
coarse-grained (CG) models to capture both the molecular details of the system
components and their supramolecular organization while simultaneously resolving the
hydrodynamics of the system over extended time scales.3>00828311312% Tha dynamics of
the soft spheres in the DPD technique is captured through integrating Newton’s equation
of motion via the use of similar numerical integrators used in other deterministic particle-
based simulation methods.'****° The force acting on a soft sphere i due to its interactions
with a neighboring soft sphere j (j # i) has three components: a conservative force, a
dissipative force and a random force, which operate within a certain cut-off distance r.
from the reference particle i. These forces are pairwise additive and yield the total force
acting of particle i, which is given by

F = ZFc,ij +Fai tF (2.1)

j=#i

The soft spheres interact via a soft-repulsive force

Fi=2a;1- %)ﬁj (for rij <rc) (2.2)
F.; =0 (forrj=>r) (2.3)

a dissipative force
Fay = 70" (5)(F, o V)R, (24)

and a random force
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F i =—ow'(r;)0;f; (2.5)
where
o' (=W ) =0-r* (forr<1) (2.6)
o' (N =[w()=0 (forr>1) (2.7)
0% = 20k, T 2.8)

ajj is the maximum repulsion between spheres i and j, vjj = vi— vj is the relative velocity of
the two spheres, rij = ri — rj, rj = |ri — |, £, = ri/ry, r = rijlre, y is viscosity related
parameter used in the simulations, o is the noise amplitude, 0;(t) is a randomly
fluctuating variable from Gaussian statistics, ®® and " are the separation dependent
weight functions which become zero at distances greater than or equal to the cutoff
distance r.. Each force conserves linear and angular momentum. Since the local
momentum is conserved by all of these three forces, even the small systems exhibit
hydrodynamic behavior.**® The constraints imposed on the random and dissipative forces
by certain relations ensure that the statistical mechanics of the system conforms to the
canonical ensemble.*****° The relation between the pair repulsion parameter ajj and the

Flory interaction parameter y for a bead number density p = 3r;™ is given by

x =(0.286+0.002)(a; —a;) (2.9)

2.2.2 Modeling and parameterization of system components
The individual lipid molecules are represented by bead-spring models, and are
modeled by a head group comprised of three hydrophilic beads and two hydrocarbon tails

represented by three hydrophobic beads each, as shown in Figure 2.1 (a). Two
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consecutive beads in a chain are connected via a bond that is described by the harmonic
spring potential

Ebond = Kbond((r - b) / rc)2 (210)

where K,,.q i the bond constant and b is the equilibrium bond length. The constants,

K,..qand b are assigned to the values of 64¢ and 0.5r., respectively,?>®0828380129 The

three-body stiffness potential along the lipid tails has the form

Eangie = Kangie(1+€0s 0) (2.11)

angle

where @ is the angle formed by three adjacent beads. The coefficient K is set to be

angle
20¢ in our simulations. This stiffness term increases the stability and bending rigidity of

the bilayers.*®

Figure 2.1: (&) The amphiphilic lipid molecules, (b) completely mixed binary component
lipid vesicle at t = 10,000x.

The dissimilarity in the amphiphilic lipid species can arise due to differences in

the chemistry of the head or tail groups, which can be modeled effectively through a soft
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repulsive interaction parameter a;. Differences in the tail groups can also arise due to
molecular chain stiffness that is captured in our model by suitably tuning the hydrophobic
tail stiffness parameter Kangje.

The soft repulsive pair potential parameters for the lipid molecule head and tail
beads were selected to capture its amphiphilic nature. The interaction parameters between

the like components, a. , are based on the property of water."* The repulsion parameter

ij ?
between two beads of the same type is set ata,; =25 (measured in units of kB%) which

is based upon the compressibility of water at room temperature*® for a bead density of

p=3r°. The soft repulsive interaction parameter aj between hydrophobic and

c

k

hydrophilic beads is set at a; =100 b%, and is determined by using the Flory-Huggins

c

interaction parameters, v, as**®
a; =a; +34%y (for p=3r°) (2.12)
The soft repulsive interaction parameters between the head (h), tail (t) beads of
lipid types 1 and 2, and the solvent (s) beads are assigned the following values (in units of

Ky T . ): @ss = 25, @nin1 = 25, auu = 25, anzn2 = 25, A = 25, anin = 100, ans = 25, ans =

100, anziz = 100, anzs = 25, ars = 100, aniry = 100 and anzin = 100. The values of the inter-
lipid species head-head anin, and tail-tail aqr soft repulsive interaction parameters will
span values ranging from 26 to 50, to mimic mixtures of lipid species with different head
or tail group properties. The soft repulsive interaction parameters are summarized in
Table 2.1. These parameters are selected to model the effective distinct chemistry of the

molecular species, thereby capturing the differences in the melting temperature of the
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individual species.*141>23111112131-133 This anproach enables us to develop a simple
representation of mixtures composed of lipids with two hydrocarbon tails.
In our simulations, the respective characteristic length scale and energy scale are

r. and kgT. As a result, our characteristic time scale can be described as

Finally, 0 = 3 and 4z = 0.02t are used in the simulations along with the total bead number

(2.13)

density of p = 3r.% and a dimensionless value of r, = 1.%° The mass of all the beads is set

1,3,35,60,82,83,86,88,89,112,113,129

to unity.
Aij (koT/r))| Head 1 | Taill | Head 2 | Tail 2 | Solvent
Head 1 25 100 — 100 25
Tail 1 100 25 100 — 100
Head 2 — 100 25 100 25
Tail 2 100 — 100 25 100
Solvent 25 100 25 100 25
Table 2.1: The soft repulsive interaction parameters, a;; between head, tail beads of
lipid type 1 and 2 and the solvent beads. The boxes with “—* represent the interaction

parameters that can be varied for the mixture of lipids with different chemical properties.

We used a constant volume simulation box of dimensions 40x40x40 r.° with the
periodic boundary conditions in all three directions. In our simulations, we have 1178
lipid molecules, or 5.6% bead concentration of amphiphilic species, with 10602 head and
tail beads. The total number of beads in the system (including solvent molecules) is
192,000.

2.2.3 Length, time and energy scales of the system

We draw a correspondence between our model and physical systems via the
experimental properties of biological lipid bilayers. We obtain the characteristic length

scale for our model through the comparison of experimental measurements of the
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interfacial area per lipid of a DPPC bilayer with similar measurements from our
simulations. Experimental measurements of the area per lipid of DPPC bilayers were
found to be 64 A% at 50 °C.*** To compute the average area per lipid, the vesicle is
divided into 128 rectangular patches with an average area of 10.5 rc? so that each patch
can be treated as a bilayer membrane. The average area per lipid for the vesicle bilayer is
computed by summing the areas of all the patches, and averaging over the total number
of lipid molecules in all the patches. Using the value for the area per lipid (1.12 r.%)
computed for a stable self-assembled single component lipid vesicle, the length scale for
our model is ro = 0.76 nm.

The time scale t was calculated to be 6.0 ns by comparing the experimental
measurement of the diffusion coefficient of dipalmitoylphosphatidylcholine (DPPC)
bilayer, which is given by 5x10™" m?/s,% with that obtained from the simulations. The
diffusion coefficient of the lipid molecule in the simulations can be found by tracking the
mean squared displacements of 10 lipid molecules in a vesicle bilayer. We use the

relation

(1))

=2dD (2.14)

B
Q

to relate the diffusion coefficient D to the mean square displacement of a particle in a
time interval t.** The variable d is the dimensionality of the system that is given to be 3
for our system. We calculate the diffusion coefficient D to be 0.052 r¢?/ 1, using the slope
of the time evolution of the mean square displacement. Using a temperature of 50 °C, the
energy scale is calculated to be ¢ = kgT = 4.5x107% J.

2.3 Results and discussion (DPD)

2.3.1 Formation of multi-component vesicles
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We begin by verifying the suitability of the soft repulsive interaction parameters
for generating stable binary lipid vesicles. Via self-assembly of amphiphilic
phospholipids in a hydrophilic solvent, we generate a binary lipid vesicle.** Two types of
amphiphilic lipid molecules and hydrophilic solvent beads are randomly dispersed in a 30
re X 30 re x 30 rc simulation box composed of 5.6 % bead concentration of amphiphilic
species, or 504 lipid molecules.®®® To enable the formation of a stable mixed vesicle, the
pair interaction potentials are tuned to effectively treat both types of lipid molecules as a
single specie. The unfavorable enthalpic interactions between the hydrophilic and
hydrophobic components drives the system to minimize its free energy through the self-
assembly of the lipid molecules to form a lipid bilayer vesicle.®*

We use a stable pre-assembled mixed vesicle composed of two chemically
dissimilar amphiphilic lipid molecules in a 40 r; x 40 r; x 40 r. simulation box composed
of 1178 lipid molecules with 589 molecules of specie 1 and the remaining 589 molecules
belonging to specie 2. An analogous protocol detailed earlier is adopted to generate a
mixed binary vesicle by treating both the lipid types as a single specie, as shown in
Figure 2.1 (b).

2.3.2 Coarsening-dynamics in multi-component vesicles

We investigate the self-organization of the lipid species for values of the head-
head and tail-tail interaction parameters, respectively anin, and au, ranging from 26 to
50 for a time interval of 10000 t. The coarsening dynamics for bilayers composed of
lipid species with chemically distinct head groups (and identical tail groups, for example
1-Palmitoyl-2-oleoylphosphatidylcholine and 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine) is shown in Figure 2.2. The interfacial tension arising from the
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unfavorable enthalpic interactions between the distinct head groups drives chemically
identical lipids to organize into small domains or clusters, via their diffusion and collision
in the vesicle bilayer. Therefore, the self-organization among the lipid species is limited
by the lateral diffusion of the different lipid species. Our calculations show the
unfavorable enthalpic interactions between the head groups of the distinct lipid species to
be small compared to the favorable enthalpic interactions between the hydrocarbon tail
groups.

For bilayers composed of lipid species with dissimilar tail groups (and identical
head groups, for example 1,2-distearoyl-sn-glycero-3-phosphocholine and 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine), the highly unfavorable enthalpic interactions
between the hydrocarbon groups results in a large interfacial energy. The system
minimizes its free energy via the interfacial energy through the self-organization of the
two molecular species into small domains in the bilayer, mediated by the diffusion and
collision of the lipid molecules. For sufficiently high interfacial tension between the
distinct lipid species, as the domains grow in the system the coarsening dynamics
progresses through the diffusion and collision of the domains, or the evaporation-
condensation mechanism. In the latter, individual lipid molecules are observed to
evaporate from the boundaries of small domains and condense into the larger
domains.***1>?2128 \\e observe these processes for binary vesicles comprising of lipid
species with greater dissimilarity between the tail groups.

The coarsening dynamics of the binary vesicles is determined by the degree of
dissimilarity that is effectively captured by the soft repulsive interaction parameters anin,

anrz, as shown in Figure 2.2 (a) — (¢) and Figure 2.3 (a) — (c). We have selected the range
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for the parameters aninz, and aur, to induce phase segregation of the lipid species while
avoiding budding and vesiculation processes on the vesicle bilayer.®> All the results have
been averaged using particle trajectories from four simulations that begin from the same
initial conditions but have different random seeds.

The coarsening dynamics in a two-component lipid bilayer is characterized by measuring
the number of clusters or domains composed of a given lipid specie, as a function of time
(beginning from the mixed state, as shown in Figure 2.1 (b)). A cluster is defined to be
composed of lipids from a given species whose head group beads are within interaction
range from each other. This definition of a cluster enables us to distinguish between the
clusters formed in the two monolayers. The lipid molecules in the inner monolayer are
more closely packed as the inner monolayer occupies a spherical shell of smaller volume
than the outer monolayer.™*® The difference in the occupied volumes is reflected in the
asymmetry in the number of clusters in the two monolayers, as we observe fewer clusters
in the inner monolayer. Our measurements of the time evolution of the cluster count
show the cluster growth to be influenced by the degree of dissimilarity between the lipid
species, as shown in Figures 2.2 (d) and 2.3 (d). We observe the interfacial tension to
increase with the dissimilarity between the lipid species, thereby inducing the phase
segregation process to minimize the interfacial tension by forming fewer clusters of a
given lipid species. Given the higher number of tail beads per lipid molecule, the
interfacial tension for systems containing lipid molecules with distinct hydrocarbon tail
groups is greater than those with different head groups. Hence, for identical values of the
soft repulsion parameters anin2 and anr,, We report fewer clusters for lipid mixtures with

distinct tail groups.****’
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Figure 2.2: Snapshots from the final configurations of the binary component lipid vesicle
at t = 5,000r for different soft repulsive interaction parameters between the head groups
of the two lipid species (a) apj-n2 = 26, (b) apj-n2 = 42, (¢) anr-n2 = 50. All the simulations
start from the completely mixed state. (d) 4 plot of the time evolution of the total number
of clusters of one type of lipid after a single stable vesicle has formed for the head-head
soft repulsive interaction parameters of ani.n2 = 26, 34, 42, and 50. (e) 4 plot of the time
evolution for the average cluster size of one type of lipid after a single stable vesicle has
formed for the head-head soft repulsive interaction parameters of an;-n2 = 26, 34, 42, and
50. The simulations have been run for a total time of 10,000t from the mixed state and
each data point has been averaged over four simulation runs using different random
seeds.
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Figure 2.3: Snapshots from the final configurations of the binary component lipid vesicle
at t = 5,000r for different soft repulsive interaction parameters between the tail groups of
the two lipid species (a) a,..o = 26, (b) a2 =29, (c) a-» = 31. All the simulations start
from the completely mixed state. (d) 4 plot of the time evolution of the total number of
clusters of one type of lipid after a single stable vesicle has formed for the tail-tail soft
repulsive interaction parameters of a;;.., = 26, 27, 28, 29, 30, 31, 32, 41, and 50. (e) A
plot of the time evolution for the average cluster size of one type of lipid after a single
stable vesicle has formed for the tail-tail soft repulsive interaction parameters of a,;.,, =
26, 27, 28, 29, 30, 31, 32, 41, and 50. The simulations have been run for a total time of
10,0007 from the mixed state and each data point has been averaged over four simulation

runs using different random seeds.
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For sufficiently low interfacial tensions, the thermal fluctuations of the bilayer can
dominate the energetically favorable interactions between the like lipid species to cause
fragmentation of the clusters. Variations in the cluster count are observed to occur due to
the high mobility of the lipid molecules between two successive time steps. Figure 2.4
demonstrates the rapid changes in the positions of the lipid head beads for four
consecutive time steps. Therefore, the coalescence or fragmentation of clusters can be

induced by factors such as thermal fluctuations of the bilayer and lipid mobility.

Figure 2.4: The distribution of the head beads in the two-component system as a function
of four consecutive time steps. The exact same region of the vesicle is shown in all the
snapshots.

For temperature dependent phase segregation in multicomponent bilayers,
studies™*®!% have shown the coarsening dynamics to be determined by the
characteristic correlation length of the fluctuations of the domain boundaries and the
hydrodynamic radius, for temperatures below the critical demixing value.

The coarsening dynamics process can be also characterized through the time
evolution of the average size of the clusters, as shown in Figures 2.2 (e) and 2.3 (e). The

size of a cluster is defined as the total number of molecules of a given lipid species that

comprises a cluster. Higher values of the line tension between the dissimilar components
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are expected to result in the rapid formation of fewer but larger-sized clusters. We find
the measurements to support our expectations and report the trends in the time evolution
of the average cluster size to be inverse to those for the number of clusters.'®***3% we
have summarized our observed trends of the aggregate size as a function of the
distinction between the head and the tail groups in Figure 2.5.

The error bars are calculated based on the standard deviation of the results over
four different random seeds. Large error bars are found for the higher values of the soft
repulsive interaction parameters between the tail beads of the two lipid species (see
Figure 2.3 (e)). A plausible explanation for the large error bars is the presence of very
few clusters (corresponding to the very large average cluster sizes) at the high soft
repulsive interaction parameters of the tail beads. For example, when we use very high
soft repulsive interaction parameter such as ayp = 50, we observe a highly segregated
vesicle which has, on the average, two to four clusters of a specific lipid type. Our
measurements for the number of clusters, average cluster size and the corresponding
standard deviations are computed using smaller number of samples.

The time evolution of the coarsening dynamics can be used to compute the
scaling exponent of the clustering process by using the following relation

N() ~Ct* (2.15)
where N(t) is the number of clusters, C is a constant, t is time, and « is the scaling
exponent. Similarly, the growth in the average size of a cluster can be characterized by

using the following relation

<S(t)>~Dt* (2.16)
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Figure 2.5: A plot of the aggregate size as a function of the soft repulsion interaction
parameters between (a) the head groups (aninz) and (b) the tail groups (aur). The
simulations have been run for a total time of 10,000zt from the mixed state and each data
point has been averaged over four simulation runs using different random seeds.
where < S(t) > is the average size of the clusters, D is a constant, t is time, and £ is the

scaling exponent. Table 2.2 provides the scaling exponents « and g for the values of the

soft repulsive interaction parameters anr, Which result in macroscopic phase segregation.



25

at1-t2 Q. §
(kpT/re)
31 -0.57 0.61
32 -0.54 0.55
41 -0.51 0.56
50 -0.53 0.52

Table 2.2: Table of the scaling exponents a (obtained from the measurements of number
of clusters) and f (obtained from the measurements of the average cluster size) for
different soft repulsive interaction parameters of the tail groups of the two lipid species,
an- = 31, 32, 41, and 50. The simulations used to obtain the scaling exponents have
been run for a total time of 10,000t and averaged over four different random seeds.
The cluster number and the average cluster size scaling exponents demonstrate inverse
trends with increasing dissimilarity of the lipid species. The average cluster size
measurements can be used to calculate the time evolution of the average area of the
clusters < A(t) > through the average area per lipid ajipig, corresponding to a given soft
repulsion interaction parameter (as shown Table 2.3). The average area of the clusters
A(t) can be demonstrated to have a similar scaling behavior as the average cluster size

using the following approximations
<A(t) > ~ Qyipid < S(t) > ~ Qlipia D tPoct? (2.17)
If we assume the clusters to be a circle with an average radius R(t), then

< A(t) >ac R(t)? (2.18)

and



26

A1 Bilayer Area per lipid
(k,T/r) | Thickness (o) (6?)
31 6.24+0.04 1.13+0.02
32 6.24+0.04 1.13+0.02
41 6.25+0.05 1.16+0.03
50 6.28+0.04 1.18+0.04

Table 2.3: The bilayer thickness and area per lipid of the binary component vesicle as a
function of different soft repulsive interaction parameters between the tail groups of the
two lipid species, an-1» = 31, 32, 41, and 50. The simulations have been run for a total
time of 10,000 t and each data point has been averaged over four simulation runs using
different random seeds.

R(t) oc 77 (2.19)
If the total interface length L(t) of the clusters is given by
N(t) 2 77R(t) (2.20)
and the Awtar IS the total area occupied by the clusters of a given species, the following
relation can be obtained: ***
R() ~Acta/L(t) (2.21)
Our measurements of the scaling exponents, as detailed in Table 2.2, are in agreement

-1/3 and

with earlier numerical and experimental results****"?? showing N(t) oc t??, L(t) ot
R(t) o t*3. A growth exponent for the average radius of 1/3 is usually attributed to the
evaporation-condensation effect.****** Qur simulations have also demonstrated the
domain dynamics at the latter stages to be determined by the diffusion and collisions of

the clusters. We have provided the plots of the time evolution of the number of clusters

and the average cluster size used to compute the scaling exponents in Figures 2.6 and 2.7.
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Figure 2.6: A plot of time scale behavior for the number of clusters used to obtain the
scaling exponent () for the tail-tail soft repulsive interaction parameters of ay -1, = 31,
32,41, and 50. The simulations have been run for a total time of 10,000t from the mixed
state and each data point has been averaged over four simulation runs using different
random seeds.
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Figure 2.7: A plot of time scale behavior for the average cluster size used to obtain the
scaling exponent (B) for the tail-tail soft repulsive interaction parameters of ay - = 31,
32, 41, and 50. The simulations have been run for a total time of 10,000t from the mixed
state and each data point has been averaged over four simulation runs using different
random seeds.
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2.3.3 Packing properties of multi-component vesicles

The packing of the lipid molecules in the vesicle bilayer is found to be not very
sensitive to differences in the head or tail groups , and can be characterized by the bilayer
thickness and the area per lipid, as shown in Table 2.3. To calculate the bilayer thickness,
the vesicle is divided into 128 patches so that each patch can be treated effectively as a
bilayer membrane. The bilayer thickness is computed by measuring the distance between
the lipid head groups in the opposing monolayers, in a given patch. These measurements
were computed using the particle configurational data obtained from four simulations
using identical initial conditions but different random seeds. The bilayer distance was
measured for each patch and was averaged over all the patches, the particle
configurational snapshots and the different random seeds. The area per lipid was
measured using the approach detailed in Section 2.2.3.

2.3.4 The relation between thermodynamics and coarsening-
dynamics in multicomponent vesicles

The phase segregation on the vesicle bilayer is driven by the thermodynamics of
the system. We draw correspondence between the degree of phase segregation and
thermodynamic properties by measuring the interfacial line tension and surface tension of
the lipid vesicles, for the different tail-tail interaction parameters. The measurements are
performed on equilibrium configurations of the binary mixtures, for a range of
dissimilarities between the tail groups of the two lipid species. The line tension of an
interface separating two phases can be found by calculating the excess free energy per

141

unit length of the contact length along the interface.” We estimate the line tension A of

the domain boundary through the following equation®*?
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7= 3 Waa + Uss) = Uns / lmo (222)
where Uaa, Ugg and Uag are the pair interaction energies between components A and B,
and |mo IS the lateral size of the lipid molecules. The lateral size of the lipid molecules is
given by 1.1r; from the area per lipid calculation provided in Section 2.2.3. The results
for the line tension measurements as a function of the soft repulsive interaction parameter
an-r are found to be consistent with our observations of the coarsening dynamics (see

Figure 2.8), and have been averaged over all particles in the system. Our results for the

|127,143 |127

line tension are in agreement with theoretica and experimental™" studies which
demonstrate the interfacial line tension to increase with an order parameter which
characterizes the degree of phase segregation. According to the theory proposed by
Schick et al.,'* there are two key factors which control the phase segregation in multi-
component lipid membranes. One of the factors is the repulsive interactions between
dissimilar lipid molecules (such as a mixture of saturated and unsaturated lipid
molecules) which depends on the magnitude of the order parameter. The order parameter
is used in the theory to provide a measure of the degree of order for the saturated lipid
chains. As the order parameter increases, the repulsive interactions between the saturated
and unsaturated lipid molecules will increase, which results in phase segregation. This

effect is analogous to increasing the soft repulsive interaction parameter a;; between the

hydrocarbon tail groups of the dissimilar lipid species in our simulations.
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Figure 2.8: A plot of the average line tension as a function of the tail-tail soft repulsive
interaction parameters a1 (= 26, 27, 28, 29, 30, 31, 32, 41, and 50.) The measurements
were performed on particle trajectories starting at 10,000z, for a total duration of 5,000z

Each data point has been averaged over time.
The other factor is the addition of cholesterol-like sterols which results in ordering in the
saturated lipid chains, thereby inducing phase segregation. The second factor is not
relevant for our investigation as we do not include sterols in our system.

The second thermodynamic property we investigate is the surface tension of the
binary lipid vesicle by computing the difference between the internal and external
pressures of the bilayer.’**** The relation between the surface tension and pressure
difference across the vesicle bilayer has been shown to be given by Laplace’s law which

requires the following equation to hold: %

2yij
L]

Pn(ri) — Pn(ry) = (2.23)

where r; and r; are the distances of the centers of mass of the particles in the inner and

outer monolayers of the vesicle from the center of the vesicle, Pn(ri) and Pn(r;) are the
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normal components of the pressure in the two monolayers, and vy;j is macroscopic surface
tension. We compute the normal pressure components by measuring the stress tensor for

each bead in the bilayer of the vesicle®”'*" The stress tensor is given by

Xr O 0
Y*#=(0 X 0 (2.24)
0 0 Xy

from where the diagonal component };, is extracted for each bead and is correlated with
its distance from center of the vesicle. The normal component of the pressure can be
calculated by summing over the normal component of the stress tensor for each bead, and
normalizing by the system volume. In order to calculate Pn(ri) and Pn(rj), we measure the
normal pressure on the lipid head beads in the inner and outer monolayers. By using
Laplace’s law, we compute the surface tension as a function of the soft repulsive
interaction parameter aur, as shown in Figure 2.9.
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Figure 2.9: A plot of the surface tension as a function of the tail-tail soft repulsive
interaction parameters ay - (= 26, 27, 28, 29, 30, 31, 32, 41, and 50.) The measurements
were performed on particle trajectories starting at 10,000z, for a total interval of
25,000t. We adopt a box averaging approach to compute the errors.
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For all the values of the soft repulsive interaction parameters examined, we find the
average inner pressure to be greater than the average outer pressure which results in a
positive surface tension. We observe the surface tension to decrease as the soft repulsive
interaction parameter between the tail groups of the different lipid species increases. This
finding is consistent with the trends in the area per lipid as a function of the soft repulsive
interaction parameter, as shown in Table 2.3. We observe the surface tension to decrease
at higher values of aur, (41 kyT/rc and 50 kyT/rc) with corresponding increases in the area
per lipid, as shown in Figure 2.9. A possible explanation for this observation could be an
increase in the interstitial space between the two phases as a consequence of the strong
repulsive interactions between the tail groups of the two lipid species. The repulsive
interaction would increase the fluid flux from the inside to the outside of the vesicle,
thereby decreasing the pressure difference, and the surface tension. We would also like
to note that theoretical**® and experimental'* studies have also demonstrated tension to
increase the degree of phase segregation in lipid membranes.

2.3.5 The relation between chain stiffness, phase separation and
packing properties of the bilayer in multicomponent vesicles

The role of hydrophobic tail stiffness is explored on the phase segregation of a
two-component lipid vesicle. We began with a completely mixed binary vesicle (as
shown in Figure 2.1 (b)) and ran the simulations for an interval 5000 t using a desired
value of the hydrophobic tail angle coefficient Kage1 Of one of the lipid species. The
interfacial tension arising from the differences in the tail stiffness of the molecular
species was sufficiently small so as to prevent macroscopic phase segregation (see Figure

2.10 (@) — (d).) However, the shape of the vesicle is observed to evolve from an
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ellipsoidal to a spherical morphology with increasing chain stiffness of one of the lipid
species. The vesicle stabilizes to a spherical shape for values of chain stiffness parameter

Kangle,1 Set at 10 or higher, as shown in Figure 2.10 (d).
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Figure 2.10: Snapshots from the final configurations of the binary component lipid
vesicle at t = 5,000t while keeping the angle coefficient of one type lipid at a constant
value of Kangle2 = 20 and varying the angle coefficient of other type of lipid for the values
of (a) Kangler =0, (b) Kanglex =5, (€) Kangle,x = 10, (d) Kanglex = 15. All the simulations
start from the completely mixed state. (e) The area per lipid of the binary component
vesicle as the angle coefficient of specific type of lipid species (Kangie,1) is varied from 0 to
40 and the angle coefficient of other type of lipid species is kept at a constant value of
Kangle,2 = 20. The simulations have been run for a total time of 5,000 t.
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The effect of chain stiffness on molecular packing of the lipids in the bilayer can
be characterized through the measurement of the area per lipid. Using a similar approach
to that detailed in Section 2.2.3, we measure the average area per lipid for different values
of the chain stiffness. The lipid molecules become more tightly packed as the chain
stiffness of one of the species increases due to fewer molecular conformations sampled
and smaller excluded volumes, for values of Kangie1 Set at 10e or higher, as shown in
Figure 2.10 (e).

The effect of shape change on the surface tension is also investigated by
measuring the surface tension of the vesicle with ellipsoidal morphology as shown on
Figure 2.10 (a). It is found that the surface tension of the ellipsoidal-shaped vesicles
reduces to approximately half of the surface tension for spherical-shaped vesicles. This
result is consistent with the observation that increases in the surface tension makes the
vesicles more spherical in shape.*** In addition, experimental investigations have shown
mitotic cells to transform into a spherical shape by increasing their surface tension to
accelerate the epithelial invagination process.**

2.4  Implicit solvent coarse-grained molecular dynamics (CG MD)

2.4.1 Technical background

The particle dynamics can be resolved by using classical molecular dynamics
(MD) simulations.****>*>! The equation of motion for each bead i is given by

F =m.a, (2.25)

where F; is the force acting on bead i, m; is the mass and a; is the acceleration of the bead

I. The force can be expressed as the gradient of the potential energy U by the relations
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F=-VU (2.26)
with

U =U_, +U,+U

pair

(2.27)

angle
where Upair, Ubond and Uangie are the potential energies from all its pair, bond and angle
interactions, respectively. The dynamics of each bead i can be determined by the

following equations

2
-VU =mg =mié7—2r‘=mi X (2.28)
a a
and
v =T, (2.29)

where rj and v; are the position and velocity vectors of bead i. The equations of motion

d 130

will be integrated using the Velocity Verlet metho which has greater stability, time

reversibility and preserves the symplectic form in the phase space compared to the Euler
method.'®

2.4.2 Modeling and parameterization of system components
This work adopts a model introduced by Cooke and Deserno’’ and used it for
developing an implicit solvent coarse-grained representation of
dipalmitoylphosphatidylcholine (DPPC) phospholipid molecule. Cooke and Deserno’
use the model to study bilayers formed from a single tail lipid molecule. The physics of
the model is controlled by the external temperature (i.e. kgT) which determines the
entropy and the interaction energy (€) which sets the enthalpy. The ratio kgT/e determines

the phase behavior of the bilayer’” and is the same for all the beads, for a given value of

the interaction energy. This enables us to adopt the model for a two-tail representation of
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a phospholipid molecule. A lipid molecule is represented by a bead-spring model with
one head group encompassing three hydrophilic beads and two hydrocarbon tail groups
composed of three hydrophobic beads each, as shown in the Figure 2.11 (a). The
repulsive interactions due to the excluded volume effects between the beads can be
modeled by the purely repulsive Weeks-Chandler-Andersen (WCA) soft-sphere

potential**?

U, (r,b) =4e[(b/r)? —(b/1)°]+e  (forr<r) (2.30)

where ¢ is the depth of the potential well, b is the bead diameter, r is the distance between
two beads and r. is the cutoff distance beyond which the interactions are not computed.
The cut-off distance is chosen as r. = 28 b. The interaction between the head-head and
the head-tail beads is purely repulsive and is represented by the WCA potential. The
hydrophobic effect arising from the van der Waals attraction between the beads can be
suitably represented by a Lennard-Jones-style potential with its range extended via a

tunable length wy:

Upy s () =—¢ (forr <re+wy) (2.31)
Up s (r) = del(/(r —w; )™ = (b/(r —w,)°] (for re < < wi+ Weur) (2.32)
Uﬂat L (r) =0 (fOI‘ r>ws+ Wcut) (233)

where the potential is cutoff beyond w; + we.”” The underlying principle of this model is
the use of a broad attractive potential Usqy 5 (r) between the tail beads to compensate for
the absence of the solvent molecules. Here, ws is the length of the flat region at the
minimum of potential and we is the cut-off distance. In our simulations, we choose ws =
0.26 and w; = 2.5c. The value of r; depends on the type of beads interacting with each

other and it is controlled by setting the value of b.
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Figure 2.11: Images of (a) an amphiphilic lipid molecule, (b) randomly dispersed lipid
molecules in a simulation box of 25x25x250 at the simulation time t = 0, (c) a self-
assembled single component lipid vesicle at t = 500,000t, and (d) a plot of the average
total energy of single component lipid vesicle as a function of time.

For the head-head and head-tail interactions, b is set to be 0.95¢ and for tail-tail
interactions, b is set to be 6. ¢ is the unit of energy and o is the unit of length. The
interaction between the tail beads is obtained by combining the repulsive and attractive
pair potentials to yield a combined pair potential Ucomp Of the following form:
U, (1) =4e[(b/1)? = (b/1)°] (for r<re) (2.34)
Ump(r) =—¢ (forre <r<re+ wy) (2.35)

Upgo (1) = 410 /(r =, ))2 = (D(r W, ))P] (fOF I+ Wy < T < Wi+ Weu)  (2.36)

Ucomb(r) =0 (for r>ws+ Wcut) (237)
The dissimilarity in the amphiphilic lipid species is modeled effectively through the pair

potential interaction parameter €. For a system composed of a single species of lipid



38

molecules, the value of ¢ is set to 1. We model mixtures of lipid species with distinct tail
groups via the pair potential interaction energy ¢, to capture the interactions between the
tail beads of the like and unlike lipid species. The depth of the attractive potential
represented by ¢ is used to effectively capture the dissimilarities in the chemistry or the
length of the hydrocarbon tails, or the molecular geometry of the two lipid species. The
values of the pair interaction energy ¢ less than 1 imply greater dissimilarity between the
two interacting beads.

In the bead-spring representation of chain-like moieties, two consecutive beads
along a chain are connected by an attractive finitely extensible nonlinear elastic spring
(FENE)™ given by

Upene (1) = =0.5Kr, In[1—(r/1,)?] (forr <r,) (2.38)
U e (1) =00 (r= 1) (2.39)

where r is the separation of the centers of mass of two bonded beads, r,, is the maximum
extension of the spring, or the divergence length and K is the spring constant. The
stiffness is K = 30¢ / o and the divergence length is r, = 1.5c. The bond potential
parameters were selected to model a relatively stiff spring to avoid high frequency modes
and chain crossing.””*** The hydrophobic lipid tails are attributed stiffness through a

harmonic angle potential

Uangle: Kﬂ(g_eo)2 (240)

where K is the angle potential constant and is given by 8.1 ¢/ rad?. 6y is the equilibrium

angle between three consecutively bonded beads and is set to 3.14 rad (or, 180 degrees).
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The simulations were run in the canonical ensemble using the Langevin
thermostat with three dimensional periodic boundary conditions. The simulation box
dimensions were set to 256 X 250 X 25c. The total number of beads in the system was
4500 which corresponds to a lipid density of 0.032 lipids per o°. This value corresponds
to the lipid density used by Cooke and Deserno.”” The simulation time step was set to 8t
= 0.01t. We will be using our own distribution of LAMMPS for the investigations
presented in this chapter.

2.4.3 Length, time and energy scales of the system

Using a similar procedure in Section 2.2.3, we calculate the length, time and
energy scales for our model to be ¢ = 0.52 nm, t = 4.9 ns and & = 4.5x10% J,
respectively.

2.5 Results and discussion (Implicit solvent CG MD)

2.5.1 Formation of single component lipid vesicle via self-assembly

For the initial setup, a single species of lipid molecules are randomly placed in the
simulation box, as shown in Figure 2.11 (b). To equilibrate the system, the simulation is
run for a time interval of 30,000t with a repulsive pair potential acting between the
different types of beads with the temperature set at 1.0. The reduced temperature
corresponds to a physical temperature of 50 °C at which the DPPC bilayer is in the fluid
state. Following the equilibration phase, the interaction potentials and the corresponding
parameters detailed in Section 2.4.2 are used to promote the self-assembly of the
amphiphilic lipid molecules to generate a stable single component lipid vesicle, as shown
in Figure 2.11 (c). Figure 2.11 (d) shows the time evolution of the average total energy

during the self-assembly process. The bond and angle energies fluctuate about average
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values for a significant fraction of the aggregation process. The time evolution of the
average pair, bond and angle energies during the self-assembly process have been
provided in the Figure 2.12.

2.5.2 The effect of the temperature on the structural characteristics
of a single component vesicle

A stable self-assembled vesicle is used as the initial condition and simulations are
run for a range of temperatures spanning 0.7 to 0.95. Each simulation is run for an
interval of 20,000t. Figure 2.13 summarizes the final configurations of the vesicle at the
different temperatures, and shows the vesicle to remain morphological robust for the

values of temperatures explored.
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Figure 2.12: Time evolution of the average (a) pair, (b) angle and (c) bond energies
during the self-assembly process of the single component lipid vesicle. The simulation
has been run for a total time of 500,000x.
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We study the role of temperature on the structure of the vesicles through
measurements of the bilayer thickness and the area per lipid. The bilayer thickness of the

vesicle is calculated by following the same procedure detailed in Section 2.3.3.

Figure 2.13: Final configuration of a single component self-assembled vesicle (at t =
20,0007) at a temperature (a) T= 0.7, (b) T=0.75, (c) T=0.8, (d) T=0.85, (e) T=10.9,
(T =0.95.

For a single component vesicle, the average bilayer distance is found to be 6.5+0.1 ¢
which corresponds to 3.39£0.06 nm in physical units. This measurement is found to be in

fairly good agreement with the theoretical and experimental results for a DPPC bilayer at

50 °C, as shown in Table 2.4.

Mechanical Simulation Simulation The experimental
Properties of DPPC results results in results from the
bilayer at 50 °C physical units literature

Bilayer thickness 3.3 nm (theoretical) *°

+ +
6.5+0.10 3.39+£0.06 nm 3.6 nm (AFM) 10
Area per lipid 5 3940.09 o2 Used to obtain Used to obtain
length scale length scale

Table 2.4: Tabulation of the bilayer thickness and the area per lipid of the DPPC bilayer,
at temperature of T = 50 °C. Measurements from the simulations are shown in reduced
units (first column) and physical units (second column.) Published experimental and
theoretical measurements are provided in the third column. The simulation results in
physical units and the experimental results for the area per lipid are not provided since it
is used to obtain the length scale of the system, and is discussed in the Methodology
section.
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Details of the average area per lipid measurements can be found in Section 2.2.3.
For a single component vesicle, we find the average area per lipid to be 2.39+0.09 o2, as
shown in Table 2.4. Our measurements of the bilayer thickness were not influenced by
changes in the temperature, as shown in Table 2.5. This behavior could manifest from the
stiff angle potential functional form that provides greater resistance to variations in the
hydrocarbon tail angles, in response to temperature increase. Our computations of the
area per lipid, as shown in Table 2, demonstrates a slight increase with the temperature
(from 2.33+0.09 o° (or, 63 + 2 A%) at T = 0.7 to 2.39+0.09 o° (or, 65 + 2 A%) at T = 0.95.)
This observation is consistent with the theoretical and experimental studies of lipid
membranes using X-ray and neutron ULV data.’®* An earlier study™ has shown
increases in the temperature to result in a higher probability of trans-gauche isomerization
of the lipid molecules in a bilayer, and therefore larger values of the average area per
lipid. We do not expect the stiff angle potential functional form to capture the trans-
gauche isomerization of the lipid molecules in response to temperature. However, higher
temperatures will increase the translational kinetic energy of the molecules in the bilayer
plane, resulting in greater spacing between the lipid molecules as demonstrated by our
calculations of the area per lipid. We would like to note that Cook and Deserno measured
the area per lipid of their single tail lipid to lie in the range of 1.1-1.5 ¢°.""

2.5.3 Coarsening-dynamics in multi-component vesicles using
implicit solvent conditions

We generate a stable self-assembled vesicle composed of equal concentrations of
two species of lipid molecules by using the same protocol to generate a single component

vesicle. The two lipid species with chemically distinct tail groups are modeled via the
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interaction parameter (&1-t2) between the tail beads of the two lipid types, t1 and t2, which

is varied from 0.9

T Bilayer Thickness  Area per lipid

(o) (0?)
0.95 6.5:0.1 2.39+0.09
0.90 6.5£0.1 2.39+0.09
0.85 6.5£0.1 2.4£0.1
0.80 6.5£0.1 2.34£0.09
0.75 6.5£0.1 2.35+0.09
0.70 6.5£0.1 2.33+0.09

Table 2.5: The bilayer thickness and the area per lipid of the single component self-
assembled vesicle as a function of temperature ranging from 0.7 to 0.95. The simulations
have been run for a total time of 20,000 t and each data point has been averaged over
four simulation using different random seeds.
to 0.99. The interaction parameter € between all the other types of beads is set at 1.0.
Beginning from a configuration where both types of lipid molecules are dispersed
randomly in the simulation box, the spatial and conformational configurations of the lipid
molecules are equilibrated by using repulsive interactions between all types of beads.
After the equilibration phase, we use parameters that capture the distinct nature of the
two lipid species. We observe the lipids to aggregate to form small clusters while the two
species phase segregate into small domains, to minimize the energetically less favorable
interactions between the dissimilar lipid molecules. After the formation of a single binary
vesicle, the clusters composed of like species diffuse in the bilayer, collide and coalesce
to grow in size, thereby reducing the interfacial tension between the different phases in
the hydrophobic region of the bilayer. Figure 2.14 (a) — (e) summarizes the final

configuration of the binary component self-assembled vesicle for different interactions

between the tail groups of the two lipid species. Our characterization of the coarsening
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dynamics demonstrates the degree of phase separation to increase with the dissimilarity
between the tail groups.

We study the time evolution of the coarsening dynamics by computing the total
number of clusters of a given type of lipid molecule following the formation of a stable
vesicle, for values of the tail-tail interaction parameter &y _t» ranging from 0.9 to 0.99. The
interfacial tension arising due to the unfavorable energetic interactions between the two
lipid species will drive the phase segregation of the lipid species to form multiple

domains. We anticipate the interfacial tension to increase with the dissimilarity between
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Figure 2.14: Images of the final configurations of the self-assembled binary vesicle (at
time t = 500,000z) for the inter-species inter-tail bead interaction parameters (a) &;.;; =
0.90, (b) &17-12=0.92, (c) &2 = 0.94, (d) €11-2 = 0.96, and (e) ;1.2 = 0.98. (f) A plot of the

time evolution of the total number of clusters of one type of lipid species after the
formation of a single stable vesicle, for en.r, = 0.90, 0.92, 0.94, 0.96, and 0.98. The
simulations have been run for a total time of 500,000t and each data point has been
averaged over four simulation runs using different random seeds. The x-axis has been
scaled by 1/1000 for ease of visualization.

the tail groups of the lipid species, thereby inducing the phase segregation process to

minimize the interfacial tension by forming fewer clusters of a given lipid type. For
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sufficiently low interfacial tension, the thermal fluctuations of the mixed bilayer can
overcome the energetically favorable interactions between the like lipid species to
fragment the clusters. This process is countered by the minimization of the interfacial
energy via the coalescence of clusters composed of a given type of lipids. We observe the
cluster growth measurements to support our expectations, as shown in Figure 2.14 (f).
These computations have used results from four simulations that begin from the same
initial conditions but have different random seeds.

To capture the phase segregation process in the vesicle bilayer beginning from a
completely mixed state, we generate a stable self-assembled mixed binary vesicle
composed of a 1:1 mixture of two species of lipid molecules by effectively treating both
the lipid species as the same species. The binary system can be assumed to behave as a
single component system if the interaction energy parameters between the tail beads of
the like and unlike lipid species are set to the same value (g o = 1.0). We follow the
same protocol as detailed earlier to generate a self-assembled binary vesicle (shown in
Figure 2.15 (f)), and use the pair potential parameters that capture the distinct nature of
each lipid type (enr = 0.75, 0.80, 0.85, 0.90, 0.95). Beginning from a mixed
configuration, the lipid molecules diffuse in the bilayer, collide and coalesce to form
small domains, to minimize the energetically unfavorable interactions between the
dissimilar lipid molecules. The small domains diffuse, collide and coalesce to grow in
size and reduce the interfacial tension between the different phases in the hydrophobic
region of the bilayer. We study the phase segregation process by computing the time
evolution of the number of clusters composed of a single lipid species and the average

cluster size which is defined by the number of molecules in a cluster. These
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measurements are performed from the time we use the pair potential parameters that are

characteristic of the two distinct lipid types. The increasing dissimilarity between the
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Figure 2.15: Images of the final configurations of the binary vesicle at t = 500,000z for
the inter-species inter-tail bead interaction parameters (a) eu-p = 0.75, (b) ey = 0.80,
(C) enn = 0.85, (d) en = 0.90, (e) en = 0.95, and 09 en = 1.00. All the simulations

were run beginning from a completely mixed state. A plot of the time evolution of (g) the

total number of clusters and (h) the average cluster size, for eno = 0.75, 0.80, 0.85, 0.90
and 0.95. The simulations have been run for a total time of 500,000t beginning from a

mixed state, and each data point has been averaged over four simulation runs using
different random seeds.

lipid species drives the system to form fewer clusters of larger size. For example, we
observe 5 to 12 clusters in the final configurations of mixtures encompassing highly

dissimilar lipids (en o = 0.75.) Similarly for a lower degree of dissimilarity between the
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lipid species, as captured by &1 » = 0.95, we observe 26 to 36 clusters in the final
configuration. We would like to emphasize that these cluster numbers correspond to the
sum of the number of clusters in the inner and outer monolayer of the binary vesicle. We
find large error bars are obtained for higher degree of dissimilarity between the tail beads
of the two lipid species (see Figure 2.15 (h)) due to the presence of very few clusters with
variation in the cluster sizes.

The time evolution of the coarsening dynamics can be used to compute the
scaling exponents of the clustering process for the number of clusters (o) and the average
size of a cluster () by using the relations 2.15 and 2.16 in demonstrated Section 2.3.2.
Our measurements of the scaling exponents (o = 0.50 + 0.07 and = 0.54 + 0.05) for a
system which demonstrates macroscopic phase segregation (gu-t» = 0.75, see Figure 2.15
(@)) are in good agreement with theoretical and simulation investigations on phase
segregation in the absence of hydrodynamics.?**>**>" We have provided the time
evolution of the number of clusters and the average cluster size used to compute the
exponents in Figure 2.16. The scaling exponents were computed using four simulations
with different random seeds which were run for a duration of 1,000,000t. We would like
to note that for the range of parameters capturing the dissimilarities in the hydrocarbon
tail groups, we have not observed any budding and vesiculation events.'*

254 The effect of phase segregation on the structural
characteristics of multi-component vesicle

The composition of the lipid bilayer is expected to influence its thickness and the
average area per lipid. We used the same procedure as detailed earlier to measure the

bilayer thickness
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Figure 2.16: A log-log plot of the time evolution of (a) the total number of clusters and
(b) the average cluster size of one type of lipid following the formation of a single stable
vesicle (eu.to = 0.75.) The simulations have been run for a time interval of 1,000,000t
from the mixed state and each data point has been averaged over four simulations which
have the same initial conditions but different random seed. The scaling exponents are
obtained by taking the slope of region shown in red. The trend lines and corresponding
equations are shown on the figures.

for the binary vesicle, with the interaction parameter &y o between the tail beads of the
two lipid species ranging from 0.75 to 0.95. We do not observe any significant
differences in the bilayer thickness values for intermediate to low degrees of dissimilarity

in the tail groups of the lipid species. Our measurements show a slight decrease in the

bilayer thickness (from 6.5 + 0.2 o to 6.4 £ 0.2 &) for lower values of the tail interaction
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parameter ey . We surmise that the slight increase in the bilayer thickness for lower
degrees of dissimilarity between the tail groups could be an outcome of the tighter
packing of the lipid molecules in the clusters formed in the bilayer. Tighter packing of the
lipid molecules could result in less splaying and interdigitation of the lipid tails.

For the binary vesicle, we explore the role of the dissimilarity in the lipid
hydrocarbon tail groups on the average area per lipid of the bilayer. We observe the area
per lipid to be independent of the different interfacial energies between the distinct lipid
species, and to be given by 2.4+0.1 ¢°. We surmise that with increasing dissimilarity
between the lipid species, the tighter packing of the lipid molecules in the clusters is
compensated by low packing density regions adjacent to the periphery of the clusters.

2.6 Chapter Conclusions

In summary, this chapter demonstrates the formation of single and binary lipid
vesicles composed of two-tail amphiphilic lipid molecules and coarsening dynamics in a
binary vesicle composed of phospholipid molecules with distinct chemical properties
using two different simulation techniques: DPD and implicit solvent CG MD. In the early
stages of the phase segregation process, the lipid molecules of the same species formed
small clusters or domains via diffusion and collision to minimize their interfacial tension.
For the latter stages, as the domains grow in size the clustering dynamics is determined
by the diffusion and collision of clusters, and the evaporation of individual lipids from
the boundaries of small clusters and their coalescence into bigger clusters. We observe
the first stage for lipid mixtures with low interfacial energies or smaller degree of
dissimilarity between the lipid species. For higher interfacial tension between the distinct

lipid species, we demonstrate both stages through the characterization of the clustering
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dynamics. Our measurements of the growth exponents using DPD and CG MD
approaches for systems demonstrating macroscopic phase segregation agree with earlier
numerical, theoretical and experimental studies.*'**"##1>157 \We did not observe
significant changes in the bilayer thickness and the area per lipid for different mixtures of
lipid species in both techniques.

Via the use of DPD approach, the measurements of the line tension are found to
be consistent with theoretical and experimental studies.**”**® In addition, we observe the
surface tension calculations to support our trends in the average area per lipid as function
of the dissimilarity between the lipid species. Finally, the molecular chain stiffness of the
hydrophobic tail groups was found to determine the shape of the binary vesicle, but had
no noticeable effect on the phase segregation process.

Via the use of CG MD approach, the measurements of the bilayer thickness are
found to be consistent with the experimental results. Our investigations on the effects of
temperature on the physical properties of single component lipid vesicles were found to
agree with experimental results. Contrary to expectations, our results demonstrated the
bilayer thickness to be independent of temperature. A plausible explanation for this
observation could be the use of stiff angle potentials that generates greater resistance to

variations in the hydrocarbon tail conformations.

Chapter 3

The Design of Shape-Tunable Hairy Vesicles
The publications relevant to details of the discussions provided in this section:

e Auydin, F., Uppaladadium, G., Dutt, M., 2015, The design of shape-tunable hairy

vesicles. Colloids and Surfaces B: Biointerfaces 128, 268-275.
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e Aydin, F., Uppaladadium, G., Dutt, M., 2015, Harnessing nanoscale confinement
to design sterically stable vesicles of specific shapes via self-assembly. J. Phys.
Chem. B 119 (32), 10207-10215.

Contributions to this work:

1. Writing the computer programs to generate initial configurations for the

simulations
2. Running the simulations
3. Writing the computer programs which are used to characterize the system
4. Performing the analysis and visualization of the system
5. Writing the manuscript
3.1 General overview

The stability and shape of biocompatible carriers such as lipid vesicles influence
the effective delivery of therapeutic agents to target cell populations.®® Sterically stable
vesicles can be formed via the grafting of poly ethylene glycol (PEG) chains to the lipid
head groups, and shape of the vesicles can be controlled by various intrinsic or extrinsic
factors as previously explained in the Introduction and Motivation section. Experimental
and computational studies have investigated the morphology of binary mixtures of
PEGylated and non-PEGylated lipids;>**2°**® and their dynamics and stability,*">>** for

species composed of the same hydrocarbon tail groups.****>® The aim of this chapter to

design interfacially stable delivery vehicles or “hairy vesicles” composed of species with
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different head group area and hydrocarbon tail groups with shapes conducive for
unhindered passage through the circulation system and efficient internalization by desired
cell populations. The specific system consists of a binary mixture of phospholipids and
end-functionalized or hairy phospholipids. In this chapter, we identify the shape of the
vesicles to be controlled by intrinsic factors such as the molecular geometry and the
relative concentration of the molecular species or extrinsic factors such as the volume of
the confinement. We have adopted a Molecular Dynamics (MD) -based mesoscopic
simulation technique entitled Dissipative Particle Dynamics (DPD) (details given in
Section 2.2.1) for the investigations presented in this chapter.
3.2 Modeling and parameterization of system components

3.2.1 Modeling in bulk conditions

The individual phospholipid molecules are represented by bead-spring models as
shown in Figure 3.1 (a), and are modeled by a head group comprised of three hydrophilic
beads and two hydrocarbon tails represented by three hydrophobic beads each. The hairy
lipids, as shown in Figure 3.1 (b) — (c), encompass an identical architecture for the
phospholipid, with hydrophilic tethers grafted to one of the hydrophilic head beads. The
hairs or tethers are modeled by three and six hydrophilic beads. Bond and angle potential
functional forms and parameters used for the lipids and tethers in this chapter are similar
to those used in Section 2.2.2. Experimental examples of the tethers are polyethylene
glycol chains with degrees of polymerization n given by 6 and 12. We select these values
of the degree of polymerization to design sterically stabilize hairy vesicles with relatively

|158

short polyethylene glycol chains. In addition, earlier theoretical™ and experimental
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studies show polymers with 6 to 17 EO units to be sufficiently effective for reducing

the amount of protein adsorption on a surface at a certain surface coverage.
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Figure 3.1: Images of the (a) amphiphilic phospholipid molecule, (b) hairy lipid molecule
with a tether composed of three beads, and (c) hairy lipid molecule with a tether
composed of six beads. (d) Time evolution of the average total energy of binary

component hairy vesicle composed of phospholipids (90%) and hairy lipid molecules
with tether composed of three beads (10%), and the corresponding images of the
aggregation process. (e) An image of a stable self-assembled binary hairy vesicle

composed of phospholipids (90%) and hairy lipid molecules with tethers composed of

three beads (10%) at time t = 60,000t

The soft repulsive pair potential parameters for the lipid molecule head and tail beads
were selected to capture its amphiphilic nature. In addition, the hair beads are considered

to be hydrophilic in nature. The soft repulsive interaction parameters between the tethers
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(T), head (h), and tail (t) beads of lipid types 1 and 2, and the solvent (s) beads are

f KgT

assigned the following values (in units o . ): ags = 25, arr = 25, ars = 25, anin = 25,

antr = 25, Anzh2 = 25, apr = 25, anin = 100, anis = 25, ans = 100, anare = 100, anzs = 25, ars
=100, anit = 25, aut = 100, anzt = 25, apr = 100, aniry = 100, anxn = 100 and anine = 25.
The values of the inter-specie tail-tail soft repulsive interaction parameter au, will span
values ranging from 31 to 50, to mimic mixtures of amphiphilic species with different tail
group properties. All the other parameters pertaining to DPD simulation technique, time,
length and energy scales are obtained from Section 2.2.2.

3.2.2 Modeling under confinement

For the study of self-assembled hairy vesicle under confinement, the tethers of
hairy lipids are modeled by three, five and six hydrophilic beads, which are
experimentally corresponding to polyethylene glycol chains with degrees of
polymerization n given by 6, 10 and 12.

Two planar walls parallel to xy-plane are used to confine the phospholipid and
hairy lipid molecules, as shown in Figure 3.2 (a). The solvent molecules are both present
in the region between and above the walls. Each wall consists of two layers of frozen
DPD particles, with a thickness given by 0.85r. and a total area of 1779r.%. The beads

comprising the walls are organized in a triangular lattice.
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Figure 3.2: (a) The dimensions of the three-dimensional simulation box and channel used

to confine the amphiphilic molecules. (b) The initial system configuration for a mixture of

phospholipid and hairy lipid molecules in the confinement with a channel height of 15r..
(c) A side, (d) top and (e) cross-sectional view of a self-assembled prolate vesicle in the

confinement with a channel height of 20r. at time t = 120,000z. (f) A side, (g) top and (h)

cross-sectional view of a self-assembled oblate vesicle in the confinement with a channel
height of 10r. at time t = 120,000z. (i) A side, (j) top and (k) cross-sectional view of a

self-assembled bicelle in the confinement with a channel height of 8r. at time t =

120,000t. The systems in (b) — (k) are composed of phospholipids (90%) and hairy lipid

molecules with tethers composed of three beads (10%). The wall beads are reduced in
size to enhance the top view of the different vesicle morphologies.

To prevent the adhesion of the vesicle onto the surface of the wall, the wall beads are
modeled to have favorable interactions with the solvent molecules and unfavorable

interactions with the phospholipids and hairy lipids. An experimental analogy of the wall

55
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could be a hydrophilic surface with a charge distribution which results in unfavorable
enthalpic interactions with the amphiphilic molecules.’® Microfluidic channels can be
made of materials such as glass, silicon, silicon oxide, and oxidized polystyrene. These
materials can be sealed irreversibly with oxidized poly(dimethylsiloxane) (PDMS). The
channel walls sealed with PDMS are found to be negatively charged in neutral and basic
aqueous solutions.*® It has been previously shown that vesicles composed of neutral and
negatively charged lipid molecules, such as DOPC/DOPS, are not adsorbing onto the
negatively charged silica surface.'®

The soft repulsive interaction parameters between the tethers (T), head (h), and

tail (t) beads of lipid types 1 and 2, the solvent (s) beads and the wall (w) beads are

assigned the following values (in units of kT g ): ags = 25, arr = 25, ars = 25, anip = 25,

antr = 25, anzh2 = 25, apr = 25, anin = 100, anis = 25, ans = 100, anare = 100, anzs = 25, ars
=100, anit = 25, aut = 100, anpr = 25, arpr = 100, anitz = 100, ana = 100, anip = 25, aw =
25, atw = 100, anw = 100, anow = 100, ayy = 100 and apy, = 100.
3.3 Results and discussion

3.3.1 Self-assembly of hairy vesicle and characterization of the
aggregation process

We design the hairy vesicles via self-assembly of the hairy and non-hairy
amphiphilic species in a hydrophilic solvent. For the initial setup, a 9:1 mixture of
phospholipids and short tether hairy lipids are randomly positioned in a simulation box of
dimensions 30x30x30 r¢*, along with the solvent beads. The simulation box has periodic
boundaries along the three axes, and a 5.6% bead concentration of amphiphilic species.

The unfavorable enthalpic interactions between the hydrophobic and hydrophilic species
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drives the self-assembly of the two species to form a stable hairy vesicle, as shown in
Figure 3.1. The simulations are run for a time interval of 60,000z. In the early times of
the aggregation process, the amphiphilic molecules diffuse in the solvent, collide and
coalesce to form small size clusters. At later times, the self-assembly process proceeds
via the diffusion, collision and coalescence of the small clusters to form medium to large
clusters. We examine the role of the tether length and the relative concentrations of the
two species on the aggregation dynamics. The relative concentration of the hairy lipids is
set to 10 %, 20 %, 30 %, 40 % and 50% for the short tethers, and 10 % and 20 % for the
long tethers. The characterization for each system uses particle trajectories from sixteen
simulations which have identical initial conditions but different random seeds.

We characterize the dynamics of the aggregation process by computing the time
evolution of the number of clusters and the average cluster size. A cluster is defined to be
a group of non-solvent beads whose center-to-center distance is within their interaction
cut-off range which is given by r. = 1. Similarly, the average cluster size can be defined
as the sum of the number of phospholipid and hairy lipid molecules divided by the total
number of clusters. The aggregation process is determined by an interplay between the
minimization of the unfavorable enthalpic interactions and maximization of the molecular

configurational*®*

and conformational entropy. One of the factors which control the
equilibrium morphology of the aggregates is steric effects arising from the tethers.
Increases in the steric effect results from the higher relative concentration of the hairy
lipids or longer tethers which could prevent further aggregation of the smaller clusters.
The steric hindrance promoted by the grafted tethers can be used to determine the size

distribution of the liposomes which is important for the drug delivery applications.**>*
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We would expect a decrease in the average cluster size with an increase in the relative

concentration of the hairy lipid molecules and the tether length, as demonstrated in earlier

50 52
I I

experimental™ and theoretical®> studies. In addition, we surmise that the aggregate
growth dynamics slows down with increase in the relative concentration of the hairy
lipids and the tether chain length. Our expectations are supported by the characterization

of the aggregation dynamics which is summarized in Table 3.1.

Tether length =3

Concentrations  Scaling Scaling
(%) Exponent  Exponent
(o) (B)
10 -0.84+0.07  0.85%0.07
20 -0.81+0.07  0.81+0.07
30 -0.78+0.04  0.78+0.04
40 -0.77+£0.09  0.78+0.09
50 -0.75£0.05  0.76%0.06

Tether length =6
10 -0.80+0.07  0.81+0.07

20 -0.77+0.08  0.78+0.08

Table 3.1: Table of the scaling exponents a. and f for the self-assembly of binary mixtures
composed of different relative concentrations of hairy lipid and phospholipid molecules,
and length of the tethers.

The time evolution of the coarsening dynamics during the self-assembly process
can be used to estimate the scaling exponents of the number of clusters and the average

cluster size. The scaling exponents based on number of clusters and the average size of
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the clusters are respectively given by Equations 2.15 and 2.16 in Section 2.3.2. Our
measurements demonstrate the growth dynamics to slow down with concentration of the
hairy lipids and the tether length. One possible explanation for the slower growth
dynamics is the higher drag forces experienced by the lipid molecules due to the
additional chain-like functional groups which have favorable enthalpic interactions with
the solvent.*®>*%® We find our results to be in good agreement with investigations on the
aggregation dynamics of phospholipid molecules and hairy nanotubes.®® The time

evolution of the aggregation dynamics is provided in Figure 3.3.
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Figure 3.3: The time evolution (beginning from time t = 1,0007) of the total number of
clusters encompassing mixtures of phospholipids and hairy lipids with tethers composed
of (a) three beads, for relative concentration of the hairy lipids given by 10%, 20%, 30%,

40% and 50%, and (b) six beads, for relative concentration of the hairy lipids given by

10% and 20%. The inset in (a) and (b) show the time evolution of the total number of
clusters between the time interval t = 0 and t = 1,000z. (c) The time evolution for the
average cluster size for mixtures of phospholipids and hairy lipid molecules with the
tethers composed of (c) three beads, for relative concentration of the hairy lipids given by
10%, 20%, 30%, 40% and 50%, and (d) six beads, for relative concentration of the hairy
lipid given by 10% and 20%.
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The average cluster size effectively provides the volume occupied by the non-
solvent beads in a cluster as the density in the system is constant. The average linear size
of the cluster becomes R(t) ~ (< S(t) >)? ~ () ~ t*3. A growth exponent of 1/3 is
usually attributed to the evaporation-condensation effect.*

3.3.2 Effect of confinement on the aggregation dynamics

We examine the self-assembly of hairy and non-hairy amphiphilic species in a
confined volume bound by two rectangular planar walls, located in a simulation box of
dimensions 45.5x39.1x40 r¢® with periodic boundaries along the three axes. The walls
span the x and y dimensions of the simulation box, and are located at an equidistance
from the origin of the simulation box as shown in Figure 3.2 (a). The distance between
their planar surfaces is varied from 8r; to 20r.. The distance is chosen to effectively
model different degrees of confinement. We use a 8:2, 8.5:1.5 and 9:1 binary mixture of
phospholipid and hairy lipid molecules, with the hairs comprised of three, five and six
beads. Each system consists of 504 molecules. This corresponds to 50 hairy lipid
molecules and 454 phospholipids for a 9:1 mixture, 76 hairy lipid molecules and 428
phospholipids for a 8.5:1.5 mixture and 101 hairy lipid molecules and 403 phospholipids
for a 8:2 mixture. We randomly place the molecules from each species in the confined
volume between the two walls, as shown in Figure 3.2 (b). The solvent beads are both
present between and above the two walls. We observe the formation of a single stable
hairy vesicle via the self-assembly of the two species, as shown in Figure 3.2 (c). The
simulations are run for a time interval of 120,000t. We observe the amphiphilic
molecules to aggregate to form small clusters at the initial stages of the self-assembly

process, which is followed by the formation of medium to large-sized clusters via the
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diffusion, collision and coalescence of the small clusters, similar to our observations in
Section 3.3.1. We examine the role of the confining volume on the aggregation dynamics,
for different hair lengths and relative concentrations of the two species. The relative
concentration of the hairy lipids is set to 10 %, 15 % and 20 % for three different lengths
of the hairs. The characterization presented in this section uses particle trajectories from
four simulations which have identical initial conditions but different random seeds.

We characterize the aggregation dynamics during the self-assembly process by
measuring the scaling exponents of the time evolution of the number of clusters by
following similar procedure in Section 3.3.1. We observe the aggregation dynamics at
the channel heights of 15rto be quite similar to the aggregation dynamics at the channel

heights of 20r, as shown in Figure 3.4.
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Figure 3.4: A plot of the scaling exponent a as a function of the distance between two
planar surfaces for the self-assembly of binary mixtures composed of different relative
concentrations of hairy lipid and phospholipid molecules, and length of the tethers.
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We also calculate the scaling exponents for the self-assembly in bulk condition and find
the results to be within 2 — 5 % of the scaling exponents at the channel height of 20r..
This implies that confinement at the channel heights of 20r. and 15r. have negligible
effects on the aggregation dynamics. The effect of the confinement on the aggregation
dynamics has been observed when the channel height is reduced to 10r; and 8r. As the
degree of confinement increases, the aggregation dynamics slows down, as evidenced
from Figure 3.4. We surmise that increasing the degree of confinement results in greater
steric hindrance between the small clusters encompassing phospholipids and hairy lipids.
In addition, we expect the aggregation dynamics to slow down with an increase in the
length of the tethers due to the higher steric hindrance and hydrodynamic drag, as we
observed in Section 3.3.1. We demonstrate that the growth dynamics slows down with an
increase in the length of tethers when the distance between two planar surfaces is 15r; and
20r¢, in line with our expectations. However, we do not observe the length of tethers to
influence the growth dynamics as the degree of confinement increases. Our
measurements demonstrate the growth dynamics to change negligibly with the relative
concentration of the hairy lipids. We also measure the constant C in the relation N(t) ~ C
t* in order to understand the effect of confinement on the aggregation dynamics at the
initial stage of self-assembly process. The duration of initial stage of aggregation
dynamics (prior to the measurement of scaling exponents) and the rate of aggregation
dynamics at later stages (where the scaling exponent is measured) will affect the value of
C. We expect a higher C value with a longer initial stage of aggregation dynamics where
the individual molecules collide and coalescence to form small clusters. The value of C is

also expected to increase with faster aggregation dynamics at later stages. As shown in
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Figure 3.5, our measurements of the constant C as a function of the channel height and
relative concentration of the hairy lipids for three different lengths of tethers are in
agreement with our expectations. We demonstrate the value of C to increase with channel
height and find its value in bulk conditions to be higher than that in the channel height of

20r; (C ~ 21000 — 23000 for short tethers and C ~ 14000 - 16000 for long tethers).
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Figure 3.5: The constant C in the scaling exponent relation N(t) ~ C t* as a function of
the channel height and relative concentration of the hairy lipids for three different
lengths of tethers.
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We surmise that the reason for higher values of C with decreasing confinement is the
longer duration of the aggregation dynamics at the initial stage as longer time intervals
are required for collision and coalescence encounters between the individual molecules.
In addition, the scaling exponents at the channel height of 15r; and 20r. as well as in bulk
conditions are indistinguishable, and do not show any increasing trends. Our results also
show that the value of C decreases with longer tethers due to the slowdown in the
aggregation dynamics.

3.3.3 Distribution of tethers in the monolayers

To illustrate the organization of the two species in the hairy vesicle, we have
examined the distribution of the hairy lipids in the monolayers. The molecules are more
tightly packed in the inner monolayer as it occupies a spherical shell of smaller volume
than the outer monolayer. The number of hairy molecules which could pack into each
monolayer would depend upon the excluded volume of the tethers. For negligible
differences in the excluded volume of the tethers in the two monolayers, we would expect
fewer hairy lipid molecules in the inner monolayer. The excluded volume of a tether can

be measured through the radius of gyration given by

2 _ |Zi:1,N+l(ri o rcm)ZJ

R = (N +1)

(3.1)

where r;is the position vector for the each tether bead, rcny is the center-of-mass position
of a tether and N is the number of beads per tether. We calculate the radius of gyration of
each hair in a given monolayer after the formation of a single stable hairy vesicle, and
average over all the hairs. Table 3.2 shows the distribution of the hairy lipids and the Ry
of the tethers, in the two monolayers. For the short tethers, we report an asymmetric

distribution of the hairy lipid molecules in the two monolayers, with negligible
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differences in the radius of gyration. The asymmetry in the inter-monolayer distribution
is found to become increasingly prominent with the length of the hairs. We also note that
the radius of gyration for the longer tethers is higher in the outer than the inner
monolayer. A possible explanation is that the excluded volume of the tethers decreases to
|49

pack into the inner cavity of the vesicle. Our findings are consistent with experimenta

and theoretical®* studies which have shown the asymmetric distribution of the

3

Tether length

=6

Tether length

Conc.  Number of Number of Radius of Radius of Minimum Maximum
(%) Hairy Lipids Hairy Lipids Gyration Gyration Radius Radius
in the Inner  In the Outer in the Inner In the Outer (ro) (ro)
Monolayer Monolayer Monolayer (r))  Monolayer (r.)
10 10 40 0.37£0.02 0.37+0.02 4.3+0.2 10.7+£0.5
20 11 90 0.36%0.02 0.36+0.02 3.8£0.3 11.8+0.4
30 15 137 0.36+£0.01 0.36+0.01 4.0+0.2 11.3+0.3
40 39 163 0.37+£0.01 0.37£0.01 4.2+0.01 11.1+0.3
50 50 202 0.37+0.01 0.37+£0.01 4,7+0.2 10.3+0.3
10 6 44 0.56+0.04 0.56+0.04 4.1+0.2 11.3+0.4
20 4 97 0.54+0.03 0.54+0.03 4.1+0.2 11.3+0.3

Table 3.2: The number of hairy lipid molecules and the radius of gyration of the tethers
present in the inner and outer monolayers of the self-assembled vesicles, and maximum

and minimum distances from the center of mass of the vesicle to the lipid head groups in
the outer monolayer for different relative concentrations of the hairy lipids and tether

lengths.
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molecular species in pegylated-lipid/phospholipid mixtures between the two monolayers
due to the volumetrically constrained inner region of the lipid vesicular aggregates, and
demonstrate the distribution to be optimal for spontaneously forming liposomes. We do
not observe the radius of gyration of the tether and their distribution in the self-assembled

hairy vesicles to be influenced by the confinement, as shown in Table 3.3 and Table 3.4.

Conc. Radius of gyration | Radius of gyration
(%) in the inner in the outer
monolavyer {r) monolaver (r.)

Tether length = 3 10 0.43+0.01 0.43+£0.02
Zchannel = 101, 15 0.41+0.02 0.42+0.01
20 0.42+0.01 0.44+0.02

Tether length =5 10 0.59+0.06 0.72+0.02
Zenanner = 10, 15 0.59+0.06 0.73+0.02
20 0.58+0.04 0.74+0.02

Tether length = 6 10 0.73+0.07 0.89+0.03
Zchannel = 10, 15 0.72+0.07 0.87+0.03
Tether length = 3 10 0.40+0.03 0.41+£0.02
Zehannel = 15 15 0.40+0.03 0.43+0.01
20 0.42+0.02 0.42+0.01

Tether length =5 10 0.63+0.04 0.71+0.03
Zenanner = 151, 15 0.61+0.04 0.70+0.03
20 0.64+0.04 0.71+0.02

Tether length = 6 10 0.74+0.06 0.84+0.04
Zchannel = 15¥c 15 0.71+0.05 0.87+0.02
20 0.74+0.04 0.84+0.04

Tether length = 3 10 0.40+0.01 0.43+£0.01
Z channel = 201, 15 0.41+0.02 0.43+0.01
20 0.40+0.01 0.42+0.01

Tether length =5 10 0.64+0.05 0.71+0.03
Zehannel = 20, 15 0.61+0.03 0.70+£0.01
20 0.64+0.04 0.70+£0.02

Tether length = 6 10 0.78+0.04 0.83+0.02
Zchannel = 20, 15 0.72+0.05 0.85+0.04
20 0.72+0.05 0.84+0.02

Table 3.3: The radius of gyration of the tethers presents in the inner and outer
monolayers of the self-assembled vesicles for different relative concentrations of the
hairy lipids and tether lengths in the confinement with a channel height of 10r,, 15r.and
20r..

3.3.4 Intrinsic factors controlling shape of hairy vesicle

We investigate the dimensions of the vesicles through the minimum and

maximum distances from its center of mass to the lipid head groups in the outer
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monolayer, as shown in Table 3.2. The large difference in the minimum and maximum
distances indicates that the self-assembled hairy vesicles favor an ellipsoidal morphology.

The local curvature of the hairy vesicle can be influenced by the molecular
stiffness of the species, or their spatial distribution in the bilayer, specifically as one the

species has a

Conc. Number of Number of
(%) tethers in the tethers in the
inner monolayer outer monolayer
Tether length = 3 10 T+1 43+]
Zcnannel = 10r, 15 12+4 64+4
20 17+1 84=x1
Tether length =5 10 6 44
Zehannel = 101, 15 6=1 70=1
20 7 94
Tether length =6 10 5 45
Zchannet = 101, 15 4 7
Tether length = 3 10 5+1 45+1
Zchannel = 151, 15 11£2 65+£2
20 14+2 87+2
Tether length =5 10 4=+1 461
Zcnannel = 15r¢ 15 T3 69+3
20 9+1 92+1
Tether length =6 10 2+1 48<1
Zehannel = 15r¢ 15 5+2 T1£2
20 4+1 97+1
Tether length = 3 10 9+1 41+£1
Zchannel = 20r, 15 10£2 66+2
20 17+1 84+1
Tether length =5 10 5+1 45+1
Zchannel = 20r, 15 5+£2 T1£2
20 9+2 92+2
Tether length =6 10 3=+l 47+x1
Zchannel = 20rc ]_5 8 68
20 7+l 94+1

Table 3.4: The number of hairy lipid molecules present in the inner and outer monolayers
of the self-assembled vesicles for different relative concentrations of the hairy lipids and
tether lengths at different degrees of confinement.
curvature-inducing functional group.””>° We examine the role of these factors on the
shape of the hairy vesicle for different relative concentrations of the hairy lipids and

tether lengths. The angle potential constant of the hairy lipid is set to a value of 0, while

that for the phospholipid tails is varied from 5 to 20. An experimental example of a
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saturated lipid molecular species with stiffer tails is 1,2-distearoyl-sn-glycero-3-

phosphocholine (18 carbons atoms***

), where as DPPC molecule is a saturated
phospholipid with 16 carbon atoms in each hydrocarbon tail. We begin with a hairy
vesicle, and run the simulations for a time interval of 5000 t using different values of
Kangle for the phospholipid species. We anticipate the chain stiffness of the phospholipid
molecules to control the packing of the molecules in the bilayers i.e., a higher molecular
chain stiffness would result in tighter packing of the molecules. However with increasing
concentrations of the hairy lipids, the excluded volume of the tethers disrupts the tighter
packing of the hydrocarbon tails. Our results show the shape of the vesicle to transform
from an ellipsoidal to a spherical shape with increasing chain stiffness of the non-hairy
lipid species for low concentrations of the hairy lipids, as shown in Figure 3.6. The shape
of the vesicle remains unchanged for higher concentrations of the hairy lipids. To develop
a systematic parameterization of the shape transformation of the hairy vesicle, we have
examined the role of factors such as the concentration of the hairy lipids (Xeter) and the
molecular stiffness of the phospholipid tails (Kage) on the interfacial line tension, the
ratio of minimum to maximum distance of the head groups in the outer monolayer from

the center of mass of the hairy vesicle (rmin/fmax), and the reduced volume (v). We

summarize our results in phase diagrams, as shown in Figure 3.7.

Figure 3.7 (a) and (b) show the reduced volume of the hairy vesicle as a function
of the concentration of the hairy lipids and the chain stiffness of the phospholipid
hydrocarbon tails, for tethers composed of three and six beads. The reduced volume is

defined as®®’
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(3.2)

where V is the volume of the vesicle and R is the radius of the sphere with the same area

as the vesicle surface area given by

R=(A/4m)*?

Tether
Length

Relative
Concentration of
Tethers (%)

Kangle

Tether length of 3
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Figure 3.6: Equilibrium configurations of the binary hairy vesicle composed of a range
of concentrations of the hairy lipids (10% to 50% for the short tethers and 10% to 20%
for the long tethers) at t = 5,000z, for different hydrocarbon chain stiffness of the
phospholipid specie given by Kange = 5, 10, 15, and 20. The angle coefficient of the hairy

lipid hydrocarbon chain was set at Kangle = 0.
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The results are consistent with our observations presented in Figure 3.6; as we increase
the chain stiffness at lower concentrations of the hairy lipids, the reduced volume
approaches to 1.0 which corresponds to a more spherical morphology. We also observe
similar trends in the phase diagram for rmin/fmax as a function of Xether and Kangie, @s shown
in Figure 3.7 (c) and (d). These results indicate that the equilibrium morphology of the
binary hairy vesicle is determined by an interplay between the packing of the molecular
species and the excluded volume of the curvature-inducing groups. Our results indicate
that the shape changes with the molecular stiffness of the phospholipid hydrocarbon tails
to be independent of the tether length. We find our observations to be in good agreement

with experimental results by Dobereiner et al.*

where they use a vesicle composed of
two lipid species which have different hydrocarbon tail lengths. As they increase the
temperature, vesicles change their morphology to adopt a more elongated shape
accompanied by a simultaneous decrease in the reduced volume from v = 0.954 to v =
0.912. The lipid molecules with shorter hydrocarbon tails will be more susceptible to
changes in temperature, and thus have lower chain stiffness. This property is analogous to

increasing the difference between the chain stiffness of the two lipid species in our

model.

The phase diagrams that relate the composition of the tethers and the chain
stiffness of the phospholipid tails to the interfacial line tension are shown in Figure 3.7
(e) and (f). The line tension can be measured through Equation 2.22. Our observations
demonstrate the line tension to decrease with higher relative concentrations of the hairy
lipids. A plausible explanation for this observation is the reduced interactions between

neighboring hairy lipids due to the excluded volume of the tethers. We would like to note
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168

that an earlier computational study™—" reported similar observations for a bicellar structure

composed of a mixture of zwitterionic and PEGylated lipid molecules.
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Figure 3.7: The phase diagram for the reduced volume of the self-assembled hairy
vesicles with tethers composed of (a) three beads, (b) six beads as a function of Xemer and
Kangle. The phase diagram for the 7yin/T'max of the self-assembled hairy vesicles with tethers

composed of (c) three beads, (d) six beads as a function of Xieier and Kangle. The phase
diagram for the interfacial line tension of the self-assembled hairy vesicles with tethers
composed of (e) three beads, (f) six beads as a function of Xiemer and Kangie. Xtether i varied
from 0.1 to 0.5 for lipid species with short tethers and from 0.1 to 0.2 for lipid species
with long tethers. Kage for the phospholipids is varied from 5 to 20.
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The effect of the spatial distribution of the species on the shape can be queried by
using suitable conditions, such as temperature, which promote macroscopic phase
segregation™ in the bilayer. We investigate the phase segregation within the bilayer of a
hairy vesicle composed of equal concentrations of hairy lipids and phospholipids with
different hydrocarbon tails. We begin with a stable pre-assembled mixed hairy vesicle in
a 40 rc x 40 re x 40 r. periodic simulation box composed of 1178 molecules. The
differences in the hydrocarbon tail groups such as the length is reflected in the transition
temperature for the lipid molecules, and can be effectively captured by the tail-tail
interaction parameter aqu. The range of the tail-tail interaction parameter au, used in this
investigation (31 to 50) has been demonstrated to promote macroscopic phase
segregation in a binary phospholipid vesicle, and can model differences in the length of
the hydrocarbon tails of the molecules. The simulations have been run for a time interval
of 10,000t. The characterization has been performed using particle trajectories from four
simulations that begin from the same initial conditions but have different random seeds.

To demonstrate that the latter dynamics of the phase separation process is

determined by the evaporation-condensation effect,***°

we measure the scaling exponents
of the time evolution of the number of clusters and the average cluster, as shown in
Figure 3.8. A cluster is composed of hairy lipid molecules whose head group beads are
within interaction range from each other. Table 3.5 shows the cluster growth dynamics to
become faster with increasing dissimilarity between the hydrocarbon tail groups and for
shorter tethers. We surmise that longer tethers experience greater drag which results in a

slow down in the domain growth dynamics. The average radius of a domain can be

shown to be given by the following relation R(t) o t7~,
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The higher excluded volume of the longer tethers, as indicated in Table 3.2, could
sufficiently increase the separation between neighboring hairy lipids so that the

corresponding head groups are outside the interaction range from each other.
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Figure 3.8: A plot of the time evolution of the total number of clusters of the hairy lipid
molecules with (a) short and (b) long tethers. A plot of the time evolution for the average
size of the clusters composed of hairy lipids with (c) short and (d) long tethers. The
simulations have been run for a time interval of 10,000z, and each data point has been
averaged over four simulations using identical initial conditions but different random
seeds. All the simulations start from a completely mixed state. The inter-specie tail-tail
soft repulsive interaction parameter was set at the following values: auy, = 31, 32, 35, 38,
41, and 50.

We find the area per hairy lipid increases, respectively, by 30% and 50% for the short and
long tethers (as shown in Table 3.6), in comparison to the area per phospholipid which is
calculated to be 1.12 r¢%. The increase in the area per molecule with the inclusion of the

4
|5

PEGylated moeities has also been reported by earlier experimental® and computational
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studies.'®® We would like to note that measurements of the radius of gyration of the short

and long hairs for the

aij Scaling Scaling
(ko T/re) Exponent () Exponent (B)
Tether length =3
31 -0.45 0.46
32 -0.50 0.50
35 -0.50 0.52
38 -0.51 0.52
41 -0.51 0.48
50 -0.51 0.54
Tether length =6
31 -0.33 0.34
32 -0.33 0.34
35 -0.36 0.37
38 -0.46 0.46
41 -0.47 0.48
50 -0.47 0.48

Table 3.5: Table of the scaling exponents a. and f for the coarsening dynamics in the
bilayer of a binary hairy vesicle induced by the dissimilarity of the hydrocarbon tail
groups of the phospholipid and hairy lipids, for different tether lengths.
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outer monolayers are respectively given by 0.450+0.002r, and 0.925+0.003r,, and is not
sensitive to the distinction in the hydrocarbon tail groups. This observation would also

hold for the area occupied by the hairy lipids.

Ane Area Per Hairy Lipid Area Per Hairy Lipid
(ko T/re) Molecule Molecule
in the Inner Monolayer In the Outer Monolayer
(re) (r)

31 1.2+0.1 1.7+0.1
32 1.2+0.1 1.840.1

o™

I

= 35 1.3+0.1 1.84+0.2

=

T 38 1.240.1 1.840.2

£

i 41 1.3+0.2 1.84+0.2
50 1.3+0.2 1.84+0.2
31 1.5+0.1 2.0+0.1

© 32 1.4+0.2 1.940.1

I

= 35 1.5+0.1 2.0+0.1

=4

2 33 1.4%0.1 1.940.1

£

2 41 1.5+0.2 2.0+0.2
50 1.5+0.2 2.0+0.2

Table 3.6: The area per hairy lipid for tethers composed of three and six beads in the

inner and outer monolayers of the binary hairy vesicle as a function of the inter-specie

tail-tail soft repulsive interaction parameters a,;,.. The simulations have been run for a

total time of 10,000 t and each data point has been averaged over four simulation runs
using identical initial conditions but different random seeds.
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To capture the shape change for a phase segregated hairy vesicle, we measure the
maximum and minimum distance of the lipid head groups from the center of mass of the
vesicle, as shown in Figure 3.9 (e). Our results demonstrate the shape of the vesicle to
transform from a spherical to an ellipsoidal shape with increasing dissimilarity between
the hydrocarbon tail groups, as shown in Figure 3.9. The shape change for a range binary
mixtures composed of different phospholipid and hairy lipid species can be related to
thermodynamic properties such as the interfacial line tension. The measurements in
Figure 3.9 (f) were performed on particle trajectories beginning from 10,0001, for a total
duration of 5,000t. Each data point has been averaged over time and the total number of
beads in the system. The line tension is observed to increase with the degree of
distinction between the hydrocarbon tails and the length of the tethers, and influences the
shape of the phase segregated hairy vesicle.

3.3.5 Effect of confinement on the shape of hairy vesicle

Our measurements of the reduced volume for hairy vesicles under confinement, as
shown in Figure 3.10, demonstrate the shapes of the vesicles to deviate significantly from
a spherical morphology (v = 1) and adopt either prolate and oblate shapes or bicelles
depending on the degree of confinement during the self-assembly of the hairy vesicles.
The results for the tether concentration of 15% are not shown in the figure as they are
very similar to the results for the tether concentrations of 10% and 20%. Our findings
show that the self-assembly of the phospholipid and hairy lipid molecules favors the
formation of cigar-shaped (prolate) vesicles for various relative concentrations of the
hairy lipids and the length of the hairs when the distance between the planar surfaces is

set to 15r; or 20r.. The corresponding reduced volumes of prolate vesicles are found to be
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within the range of 0.7-0.8. The side, top and cross-sectional views of the prolate vesicles
are shown in Figure 3.2 (c) — (e), respectively.

To understand the role of volumetric confinement on the reduced volume, we
examine the self-assembly of phospholipid and hairy lipid molecules in the absence of
the confining walls (by using the same relative concentrations of the hairy lipids and the

length of the hairs).
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Figure 3.9: Final configurations of the binary hairy vesicle at time t = 10,000z for
different soft repulsive interaction parameters between the tail groups of the
phospholipids and hairy lipids given by (a) a;.2= 31, (b) a;12 =50, and (c) a2 = 31, (d)
a2 = 50, respectively for short and long tethers. Plots of the (e) minimum and maximum
distance of the lipid head beads from the COM of vesicle, and (f) average line tension as
function of a; ;.
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Figure 3.10: A plot of the reduced volume of the self-assembled hairy vesicles as a
function of the distance between two planar surfaces for different relative concentrations
of the hairy lipids and tether lengths.

Our results for the reduced volume, as shown in Table 3.7, indicate the formation of hairy
vesicles which have a very similar morphology to the vesicles in a confined region with

heights of 15r. and 20r.. We conclude the self-assembled morphology to be similar to that

obtained in the bulk phase at these degrees of confinement. In order to increase the effect

Conc. Reduced X-axis y-axis z-axis
(%) volume (v) (ro) (ro) (ro)
Tether length =3 10 0.76+0.05 16+2 5.5£0.5 4.5£0.3
No wall 15 0.74=0.03|  16=1 5.5+0.5 4.4+0.2
20 0.81+0.07 14+3 6=1 4.6+0.3
Tether length =5 10 0.75+0.06 17+£2 5.5+£0.6 4.3£0.3
No wall
Tether length = 6 10 0.75+0.06 16+2 5.6£0.6 4.4+0.4
No wall

Table 3.7: The reduced volume and the x, y, z - principal axes of the self-assembled hairy
vesicles for different relative concentrations of the hairy lipids and tether lengths in bulk
conditions (without walls).
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of the confinement, we set the distance between the planar surfaces to 10r., and repeat the
simulations examining the self-assembly of the phospholipid and hairy lipid molecules.
An increase in the degree of confinement is found to favor the formation of disc-shaped
(oblate) hairy vesicles, as captured by the side, top and cross-sectional views respectively
in Figure 3.2 (f) — (h). The corresponding reduced volumes of oblate vesicles are found to
be within the range of 0.8-0.9. This result indicates a shape transformation of the hairy
vesicles from prolate to oblate shape with an increase in the degree of confinement. We
surmise that for sufficiently large distances between the planar walls, the prolate shape of
the vesicle allows the self-assembled aggregate to maximize its rotational entropy about
principal axes which are parallel or perpendicular to the planar walls. With a reduction in
the separation distance between the walls, the vesicle maximizes its rotational entropy by
adopting an oblate shape which enables rotation about a principal axes perpendicular to
the plane of walls. The shape transformation from a prolate to an oblate shape has been

theoretically shown in a previous study*®

via the use of area difference elasticity model
(ADE). Helal et al.** investigated the stability of prolate and oblate shaped vesicles in a
two-dimensional slit or one-dimensional cylinder by varying the degree of confinement.
Although the reduced volumes for the prolate shaped vesicles are in good agreement with
the model (vprolate > 0.65); the reduced volumes for the oblate vesicles was measured to be
higher than those for prolate vesicles, contrary to their findings (Vopiate < 0.65). This might
be due to the fact that the self-assembly of vesicles, under the confinement, did not

preserve the total volume or area of the membrane on account of the inter-monolayer

asymmetric distribution of the hairy lipids, as shown in Table 3.8.
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Conc. Surface Enclosed
(%) area (rd) volume (rd)
Tether length =3 10 69017 1430x10
Zchannet = 10rc 20 694+9 1440420
Tether length =3 10 73020 1500140
Zchannel = 157 20 760+30 1530450
Tether length =3 10 800+40 1590160
Zchannel = 201, 20 760130 1530150
Tether length =3 10 79030 1570160
Without walls 20 780130 1580150
Tether length = 6 10 700410 1440420
Z hannel = 10r¢
Tether length = 6 10 810+30 1560160
Zchannel = 157, 20 780130 1550150
Tether length =6 10 790140 1570+£50
Zchannet = 201 20 750430 1530+50
Tether length = 6 10 830430 1640460
Without walls

Table 3.8: The total outer surface area and enclosed volume of the self-assembled hairy
vesicles for different relative concentrations of the hairy lipids and tether lengths at
different degrees of confinement.

We would like to note that Helal et al. use preconfigured vesicle shapes, and fixed
enclosed volume and total area of the membrane. In addition they do not include the
thermal fluctuations of the bilayer in their model. Further reduction in the separation
distance between the planar walls (to 8rc) results in a stable bicellar morphology, as
captured by the side, top and cross-sectional views respectively in Figure 3.2 (i) — (k).
The corresponding reduced volumes of bicelles are found to be within the range of 0.3-
0.4. These results demonstrate that the morphology of the self-assembled vesicles can be
finely tuned by harnessing suitable confinement conditions. These findings enable the
design of stable hairy vesicles with a well-defined shape and low polydispersity for

applications such as liposomal drug delivery and gene therapy.m’171
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The shape of the vesicle can also be characterized through the measurement of the
principal axes® of the resulting aggregates and the projections along the axes (through the
mapping of the coordinates of the head beads in the outer monolayer onto an ellipsoid, as

shown in Figure 3.11). In order to find the principal axes, the algebraic expression of

Figure 3.11: An image that shows the principal axes (x, y and z) of the self-assembled
binary hairy vesicle with a prolate morphology.
the ellipsoid is formed in the matrix of the quadratic form. The ellipsoid is centered in the
Cartesian coordinate system by first finding its center and then forming its corresponding
translation matrix. The translation matrix can be used to determine the principal axes by
solving the eigenvalue problem. We compute the projections along the principal axes of
the self-assembled hairy vesicles both with and without volumetric confinement, for
different relative concentrations of the hairy lipids, the length of the hairs and the
distance between the surfaces of the walls. These results are shown in Table 3.7 (for bulk
conditions) and in Table 3.9 (for channel heights of 8r;, 10r;, 15r. and 20r;). Our
measurements of the principal axes are consistent with our previous observations; the
self-assembled hairy vesicles in the bulk and in channels of heights 15r; and 20r; have

prolate shapes, whereas the self-assembled hairy vesicles in a channel of height of 10r



82

have oblate shapes. In addition, the self-assembled bicelles in a channel height of 8r; have
disc-shaped morphology but they have longer x and y dimensions and shorter z
dimension, compared to the dimensions of oblate vesicles present in a channel of height
of 10r.. As shown in Table 3.7 and Table 3.9, the least variation in the vesicle dimensions
is observed along the z-axis which coincides with the direction of confinement. We find
that shape fluctuations due to the hydrodynamics and thermal fluctuations can be reduced
by increasing the degree of confinement as is evidenced from the standard deviations of

the projections along the principal axes.

Conc. (%) x-axis (rc) y-axis (rc) z-axis (rc)

Tether length=3 10 16+£1 13+1 20401
Zchannel = 8rc 15 161 14+1 2.0+0.1
20 1641 1441 2.040.1

Tether length =5 10 1541 13+1 2.1+02
Zchannel = 8rc 15 15+1 13+1 2.1+02
20 1541 13+1 2.140.1

Tether length =6 10 15+£1 13+1 2.1+0.1
Zchannel = 8rc 15 15+1 13+1 21402
20 1541 1341 21402

Tether length=3 10 10+1 8.1+0.4 4.2+0.1
Zchannel = 10rc 15 11+2 7:1 4.2+0.1
20 10+1 8.2+04 4.2+0.1

Tether length=5 10 10+1 8.0:0.4 4.2+0.1
Zchannel = 10rc 15 10+1 8.0+0.5 4.2+0.1
20 11+1 7.8+0.6 4.2+0.1

Tether length=6 10 10+1 7.9:£0.5 4.2+0.1
Zchannel = 10rc 15 10+1 8.1+0.4 4.2+0.1
Tether length=3 10 15+1 5.4+0.3 4.5%0.2
Zchannel = 15rc 15 15+1 5.4+0.3 4.5+0.2
20 15+1 5.4:0.3 4.6+0.2

Tether length =5 10 15+1 5.4+0.3 4.5x0.2
Zchannel = 15r¢ 15 16+1 5.3+0.3 4.4+0.2
20 15+1 5.4:0.3 4.6+0.2

Tether length =6 10 16+1 5.3x0.4 4.3+0.1
Zchannel = 137c 15 16+1 5.3+0.3 4.4+0.2
20 15+1 5.4+0.3 4.5+0.1

Tether length=3 10 16+1 5.4:0.4 4.4+0.2
Zchannel = 20rc 15 16+1 5.4+04 4.4+0.2
20 15+1 5.4+0.3 4.6+0.2

Tether length=5 10 1642 5.3x04 4.4+0.2
Zchannel = 20rc 15 16+2 5404 4.4+0.2
20 16+1 5.4+04 4.4+0.2

Tether length=6 10 16+1 54x0.4 4.4+0.2
Zchannel = 20rc 15 14+1 5.6:0.2 4.7+0.1
20 14+1 5.5+0.3 4.7+0.2

Table 3.9: The X, y, z - principal axes of the self-assembled hairy vesicles for different
relative concentrations of the hairy lipids and tether lengths in the confinement with a
channel height of 8r., 10r., 15r.and 20r..
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The interfacial line tension measurements (shown in Figure 3.12) on self-assembled hairy
vesicle under confinement demonstrate a decrease in line tension with higher relative
concentrations of the hairy lipids, similar to our observations in Section 3.3.4 for the bulk
conditions. In addition, we do not observe the line tension of the self-assembled hairy

vesicles to be influenced by the height of the confinement.

9500 z=8,tether length=3  —#—z=8 tether length=5
1 —4—z=8,tether length=6  —=z=10,tether length=3
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Figure 3.12: A plot of interfacial line tension of the self-assembled hairy vesicles as a

function of tether concentration for different distances between two planar surfaces and
different tether lengths.

3.4 Chapter conclusions

In this chapter, we have demonstrated the design of a stable hairy vesicle
composed of phospholipid and pegylated lipid molecules via self-assembly, and
identified the factors which control the shape of the vesicle. Our results demonstrate the
relative concentration of the end-functionalized lipids, tether length, molecular stiffness,

the degree of dissimilarity in the hydrocarbon tail groups and the volume of confinement
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to determine the shape of the hairy vesicle. The asymmetric distribution of the hairy lipid
molecules in the monolayers of the self-assembled hairy vesicles is caused by the
excluded volume of the tethers, and is in good agreement with theoretical and
experimental results.**** The shape of the hairy vesicle evolves from an ellipsoidal to a
spherical morphology with increasing hydrocarbon tail stiffness of the phospholipid
species, and the equilibrium morphology is found to depend upon the interplay between
the packing of the molecular species and the excluded volume of the tethers. We have
demonstrated a good correspondence between our results for the shape transformation of
the hairy vesicles and experimental studies.***! In addition, as the degree of confinement
increases, the prolate shaped vesicles transform into an oblate shape for different relative
concentrations of the hairy lipids and the length of the hairs. We find our observations to
be in good agreement with earlier theoretical investigations that demonstrate oblate
vesicles to be increasingly favored over prolate vesicles as the degree of confinement
increases.® For a higher degree of confinement, we report the formation of stable

bicellar structures.

Chapter 4

Modeling Interactions between Patchy Nanoparticles and Multi-

component Nanostructured Soft Biomaterials
The publications relevant to details of the discussions provided in this section:
e Auydin, F., Uppaladadium, G., Dutt, M., Controlling Interactions between Patchy
Nanoparticles and Vesicles via Steric Stabilization. Submitted.
e Aydin, F., Dutt, M., Modeling interactions between charged nanoparticles and

multi-component vesicles. In preparation.
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Contributions to this work:

¢ Running the simulations

e Writing the computer programs which are used to characterize the system
e Performing the analysis and visualization of the system

e Writing the manuscript

e Implementing long range electrostatic interactions into the implicit solvent CG
MD model using Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).

4.1 General overview
The study of interactions between macromolecules and surfaces has attracted
increasing attention in recent years due to their role in various biological applications

such as design of efficient antifouling surfaces'’”?, biomedical implants'”

and drug
delivery vehicles such as stable liposomes.'”* Biocompatible materials are designed so as
to completely eliminate or significantly reduce the adsorption of proteins onto a surface
in order to avoid surface-induced thrombosis."*'”> One of the methods to prevent protein
adsorption is through the grafting of polymer chains on to a surface by mimicking the
protective polysaccharide layer on cell membranes.'™ This approach has been used in
liposomal therapeutic formulations to increase circulation time and steric stability.‘”'51
Experimental studies include investigations of the interactions of PEGylated vesicles with

176,177 178
" or cytochrome c.

plasma proteins like fibrinogen, hemoglobin
The study of interactions between various biomolecules can give us new insight

into the design of biomaterials and biosensors as well as understanding the underlying
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mechanisms of cellular activities.'” For example, electrostatic interactions between
charged nanoparticles and cell mimetic membranes can be used to induce reorganization
of the molecules in the bilayer. This will enable us to obtain biomaterials with different
functional properties, varying from one spot to another.

The interactions between NPs and biomembranes have been studied by using
various computational techniques including the Molecular Dynamics (MD) simulation
method"™*"®. We have adopted Dissipative Particle Dynamics (DPD) approach to
understand the mechanisms and factors underlying the interaction between patchy
nanoparticles (NPs) and hairy vesicles. In addition, we have used implicit solvent coarse-
grained molecular dynamics approach to investigate the effects of nanoparticle adsorption
on the surface reconstruction of multicomponent vesicle.

4.2 Modeling interactions between patchy nanoparticles and hairy
vesicles via dissipative particle dynamics simulation technique

4.2.1 Modeling and parameterization of system components

Our system consists of a stable hairy vesicle composed of phospholipid and hairy
lipid molecules, and patchy NPs in a hydrophilic solvent. We use the same models for

phospholipids and hairy lipid molecules described in Chapter 3.

Figure 4.1: Spherical patchy NP with a radius of 2.25r,
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The NPs, shown in Figure 4.1, are hollow spheres composed of 312 hydrophilic beads
with a patch covering 20% of the surface. The patch is set to have highly favorable
enthalpic interactions with the hydrophilic head group of the phospholipid molecules, or
the tethers. The distance between the centers of neighboring beads of the NP is set to
0.5rc. Three different sizes of NPs are used with the following radii: 0.75r. (small), 1.50r
(medium) and 2.25r. (large) that correspond respectively to 50%, 100% and 150% of the
length of the long tethers. Experimental counterparts of the NPs can be proteins or drug

176

molecules with moieties grafted on to its surface.”” We model the complex topography

and asymmetric charge distribution of NPs via patchy spherical counterparts.'®
The soft repulsive interaction parameters between the patch (p), non-patch (n)
beads of the NPs, tether (T), head (h), and tail (t) beads of lipid types 1 and 2, and the

f KgT

solvent (s) beads are assigned the values (in units o : ): ass = 25, aps = 25, ans = 25,

app = 50, ann = 50, ant = 25, arr = 25, ars = 25, anin1 = 25, aun = 25, anzhe = 25, app = 25,
ani = 100, ants = 25, ans = 100, anae = 100, anzs = 25, aps = 100, aphy = 25, anhy = 25, anh2
= 25, apn = 100, ap = 100, ann = 100, ane = 100, anit = 25, aut = 100, anpt = 25, apt =
100, aniz = 100, anze = 100 and anin2 = 25. The repulsion between the NPs can represent
the electrostatic repulsion between identically charged NPs. The attraction between the
NP patch and the phospholipid head groups, or tethers, can represent attraction between
oppositely charged moieties. For favorable enthalpic interactions between the patch and
the phospholipid head groups, the soft repulsive interaction parameter is given by apn, =
5, with patch-tether interaction given by a,r = 25. For favorable interactions between the

patch and tether, the corresponding interaction parameters are apn, = 25 and agr = 5.
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All the other parameters pertaining to DPD simulation technique, time, length and energy
scales are obtained from Section 2.2.2.

4.2.2  Results and Discussion

The hairy vesicles are composed of 1:1 mixture of phospholipids and hairy lipids;
we examine hairy lipids with short and long tethers. We begin with a preassembled hairy
vesicle, which is placed in a simulation box of dimensions 40 r. x 40 r; x 40 r. containing
hydrophilic solvent beads. The total number of beads in the simulation box is 192,000.
The simulation box has periodic boundaries along the three coordinate axes and a total of
1178 phospholipid and hairy lipid molecules. A mixed stable hairy vesicle is obtained in
a simulation spanning a time interval of 10,000t. We introduce NPs into the simulation
box such that they are outside the interaction range from the vesicle surface. The total
number of beads is conserved by removing the corresponding number of solvent beads
for each NP. We run the simulations until all the NPs interfacially adsorb onto the vesicle
surface. The characterization for each system uses particle trajectories from four
simulations which have identical initial conditions but different random seeds.

We investigate two different scenarios for the interactions between the NPs and
hairy vesicle: favorable enthalpic interactions between the NP patch with (A) the
phospholipid head groups, and (B) the tethers. In part A, we perform the investigations
for both the tether lengths. Where as part B, we focus on hairy vesicles composed of long
tethers as they are more commonly used in the experimental studies.**“*>°
A. NP adsorption promoted by favorable interaction between patch and

phospholipid head groups
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We begin with a hairy vesicle in the hydrophilic solution and place 4 large NPs at
randomly selected locations in the simulation box. The initial configuration of the hairy
vesicle with four patchy NPs, for both the short and long tethers is respectively shown in
Figure 4.2 (a) and (b). The adsorption of the NP on to the phospholipid head groups will
be determined by: (1) the degree of deterrence offered to the approach of the NP to the
bilayer-solvent interface by the tethers, (2) the suitable orientation of the NP such that the
patch faces the phospholipid head groups, and (3) whether the NP patch and the
phospholipid head groups are within interaction range. Our results show that NPs diffuse
in the solvent until a NP patch is able to bypass the tethers and approach the phospholipid
head groups on the vesicle surface, such that they are within interaction range. The
highly favorable enthalpic interactions between the NP patch and the phospholipid head
group results in the adsorption of NPs. This observation holds for hairy vesicles with

different tether lengths, as shown in Figure 4.2 (c) and (d).

Figure 4.2: Initial configuration of (a) binary component hairy vesicle composed of
phospholipids (50%) and hairy lipid molecules with short tethers (50%), and 4 NPs
placed outside the interaction range of the hairy vesicle, (b) binary component hairy
vesicle composed of phospholipids (50%) and hairy lipid molecules with long tethers
(50%), and 4 NPs placed outside the interaction range of the hairy vesicle, (c) short
tether hairy vesicle with 4 NPs adsorbed onto the phospholipid head groups at t =
160,000z, (d) long tether hairy vesicle with 4 NPs adsorbed onto the phospholipid head
groups at t = 160,0001z.
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Our observations show that NPs are constantly hitting the hairy vesicle surface as
they are diffusing in the solvent and are quite often are pushed away by the tethers. This
is captured by the number of interactions between the NPs and long tethers as a function
of time, as given in Figure 4.3.
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Figure 4.3: A plot of number of interactions between nanoparticle and tethers as a
function of time for 4 nanoparticles interacting with hairy vesicle composed of long
tethers.

A pair of beads is considered to be interacting if their center-to-center distance is less
than the interaction cut-off distance (r. = 1). The number of interactions between the NPs
and tethers constantly varies from zero to positive values until the first interaction occurs
between a NP patch and the phospholipid head groups. From this point, the interaction
count between the NP and the tethers varies about a positive value due to the neighboring
tethers. The NPs and the phospholipid head groups can only reach close proximity to
each other for regions with low tether density. We would like to note that high tether

density promotes steric stabilization and decreases the interfacial adsorption of particles.*

Our results show that the capture of the NP by the bilayer is not necessarily occurring via
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direct approach of the NP patch towards the phospholipid head groups. We observe that
some NPs are bypassing the tethers while their patches are oriented in a different
direction to the vesicle surface, as shown in Figure 4.4 (a) and (b). After bypassing the
tethers and having a close proximity to the vesicle surface, the NPs keep changing their
orientation until their patches are within the interaction range from the nearby
phospholipid head groups, as shown in Figure 4.4 (c). Upon orienting its patch towards
vesicle surface, the first interaction occurs between the NP and a single phospholipid
molecule, as demonstrated by Figure 4.4 (d). Following the initial interaction, there is a
steep increase in the number of interactions between the NP patch and the phospholipid
head groups. There onwards, the number of interactions quickly reaches a steady state
value, as shown in Figure 4.4 (g). This demonstrates that the initial contact between the
NP patch and the phospholipid head group activates the subsequent adsorption of the NP
to a group of phospholipid molecules, as shown in Figure 4.4 (e) and (f). The number of
phospholipid molecules interacting with each NP patch is found to be around 6-8, and
this value does not change after the number of interactions reaches a steady value. In
addition, we observe the NPs to be moving on the vesicle surface with a constant change
in the phospholipid molecules that are within interaction range of the NP patch.

We examine the time evolution in the interaction count between the NP patch and
the phospholipid head group using four NPs for different tether lengths and simulation
runs, as shown in Figure 4.5. We anticipate longer time intervals between subsequent NP
absorption events for hairy vesicles with longer tethers. This premise is based upon the
larger excluded volume and hence, higher steric hindrance exerted by the tethers on the

approaching NPs. Where as there is some variability in the outcomes for the different
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simulation runs, we observe the adsorption of the NPs to occur in a relatively shorter
interval of time for hairy vesicles with short tethers. Figure 4.5 (b) shows some of the

NPs to take longer than 160,000t tethers. Figure 4.5 (b) shows some of the NPs to take
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Figure 4.4: Images of the capture of a single NP by phospholipid head groups of a hairy
vesicle composed of long tethers at (a) t = 2130z, (b) t = 2230z, (c) t = 2300z, (d) t =
2320z, (e) t = 2340z, (f) t = 23807 and (g) a plot of the number of interactions between
NP patch and tethers as a function of time during the capturing process.
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Figure 4.5: Plots of the number of interactions between the NP patch and phospholipid
head groups as a function of time for 4 NPs interacting with hairy vesicle composed of
(a) short and (b) long tethers. The simulations of hairy vesicles composed of short and
long tethers have been run for a total time of 80,000t and 160,000z, respectively. The
measurements from four simulation runs using different random seeds are shown
separately in the plot.
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longer than 160,000t to adsorb onto the surface of a vesicle with long tethers. We find
that prior adsorbed NPs do not affect the number of phospholipid head groups interacting
with the subsequently adsorbing NPs, so there is no limiting effect of the availability of
phospholipids on the adsorption dynamics of multiple NPs. We repeat the studies using
eight and twelve NPs. As the number of NPs increases, the absorption time per NP is

found to decrease, as shown in Figure 4.6.
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Figure 4.6: Plots of number of interactions between nanoparticle patch and phospholipid
head groups as a function of time for (a) 8, (b) 12 nanoparticles interacting with hairy
vesicle composed of short tethers and (c) 8, (d) 12 nanoparticles interacting with hairy

vesicle composed of long tethers. The simulations of hairy vesicles composed of short and

long tethers have been run for a total time of 80,000t and 160,000z, respectively. The
measurements of four simulation runs using different random seeds are shown separately
in the plot.
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The adsorption time is defined to be the time interval spanning the beginning of the
simulation to the time the NP gets adsorbed onto the vesicle surface. A possible
explanation for this observation might be the unfavorable enthalpic interactions between
the NPs that constrain their diffusion in the solvent, effectively pushing the NPs towards
the vesicle surface. This would accelerate the adsorption of the NPs onto the vesicle
surface. We would like to note that interaction count measurements demonstrate each NP
to interact with approximately the same number of phospholipid head groups, as is
evidenced from the number of interactions between the NP patch and the phospholipid

head groups for different number of NPs shown in Table 4.1.

Interaction Interaction Interaction Interaction
type count count count
(4 nanoparticles) (8 nanoparticles) (12 nanopatrticles)

Lipid 490+30 970+50 144060
head-

NP

Tether- 49040 97050 1450+60
NP

Table 4.1: A comparison of the number of interactions between NP patch — phospholipid
head groups and NP patch — tethers after all the NPs adsorb on to the vesicle.

In order to understand the role of tether concentration on the adsorption time of
the NPs, we measure the number of NPs adsorbed within a time interval of 30,000t for a
range of relative concentration of the hairy lipids spanning 10% to 50%. We use lipids
with short and long tethers and twelve NPs, for the adsorption time measurements. We
also examine the influence of NP size on the adsorption time. We do not observe the
small NPs to get adsorbed on to the vesicle surface with the long tethers, regardless of

tether concentration. For the medium and large sized NPs, we find the number of
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adsorbed NPs to decrease linearly with increasing relative concentrations of the hairy
lipids with longer tethers, as shown in Figure 4.7. We observe a similar linear decrease
for the small and medium sized NPs (whose dimensions correspond respectively to 100%

and 150% of the length of the short tethers) on to the vesicle surface with the short

tethers.
14
A NP radius = 2.25r_ (long tether)
e NP radius = 1.50r_ (long tether)
e B NP radius = 1.50r, (short tether)
@

NP radius = 0.75r, (short tether)
10

Number of NPs adsorbed

0.1 0.2 0.3 04 0.5
Xtether

Figure 4.7: A plot of the number of NPs adsorbed on to the phospholipid head groups of
hairy vesicle composed of short and long tethers as a function of tether composition (0.1
to 0.5) respectively for the NP radius of 0.75r; and 1.50r., and the NP radius of 1.50r,
and 2.25r¢. The simulations have been run for a total time of 30,000t and each data point
has been averaged over four simulation runs using different random seeds.

These results are in a good agreement with previous theoretical™®® and experimental

findings™**

that report a linear decrease in the adsorption of proteins (such as lysozyme
and fibrinogen) on a gold surface covered with short oligomeric polyethylene oxide
chains. In addition, we demonstrate that the adsorption of the NPs to decrease with its

dimensions. This observation is found to be independent of the relative concentration of
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the hairy lipids. The difference in the number of adsorbed NPs is small when the size of
the NPs is comparable to the length of the tethers (for the medium and large sized NPs).
When the size of the NPs is smaller than the length of tethers, there are no adsorption
events. These results agree with previous findings that show the amount of protein
adsorbed on the surface becomes independent of the polymer chain length when the
thickness of the polymer layer is greater than the protein size.*’

We measure the residence time to understand the dynamics of the phospholipids
interacting with the NPs following their adsorption. We define the residence time as the
number of times a phospholipid molecule is found to be interacting with a NP during a
time interval spanning 10,000t. For this measurement, we track the interactions between
the phospholipid head groups and the NP patch at time intervals of 50t. A phospholipid
molecule can have a maximum residence time of 200 (10,000t / 507) if it is in contact
with a NP patch during the entire interval of the measurement. The residence time
distribution is obtained by binning the number of phospholipid molecules based upon
their residence time. For these measurements we use four, eight and twelve large NPs,
and hairy lipids with short and long tethers, as respectively shown in Figure 4.8. Our
results demonstrate the population of the lipid molecules interacting with the NP patch to
be in flux. The phospholipid molecules diffuse in the bilayer until they are within
interaction range of the NP patch. These molecules will interact with the patch for a short
time interval before diffusing away. This behavior is captured by a large population of
phospholipid molecules with short residence times. We observe an increase in the

residence time of the phospholipids with the number of NPs, as shown by the residence
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time distribution shifting towards the right. We surmise that a higher number of adsorbed

NPs results in a smaller number of phospholipids that are free to diffuse in the bilayer,
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Figure 4.8: Residence time measurements of NPs after their adsorption on to the
phospholipid head groups of hairy vesicle composed of short and long tethers for (a) 4,

(b) 8 and (c) 12 NPs.
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and can contribute to the population of phospholipids interacting with the patch but are in
flux. This effect also explains the difference between the residence time distributions for
vesicles with the short and long tethers since all the NPs were unable to adsorb on to the
hairy vesicle with the long tethers in the prescribed time interval, as discussed earlier.
The simulations have been run for a total time of 10,000t and each data point has been
averaged over four simulation runs using different random seeds.

B. NP adsorption promoted by interaction between patch and tethers

We have also examined the effect of highly favorable interactions between the NP
patch and the tethers. These investigations were performed on a hairy vesicle with long
tethers, with four, eight and twelve large NPs. For these studies, we use the following soft
repulsive interaction parameters between the NP patch, and the phospholipid head groups
and the tethers: apn, = 25 and a,t = 5.

We repeat the investigations by placing a hairy vesicle and the NPs in a
simulation box such that the NPs are outside the interaction range from the vesicle
surface. The NPs will diffuse in the solution (as shown in Figure 4.9 (a), for a single NP)
until they lie within an interaction range from the tethers. The capture of the NP by the
tethers is activated by an initial contact between NP patch and a tether bead, as evidenced
by Figure 4.9 (b). This is immediately followed by the interaction of two to three tethers
with the patch, and the reorientation of the NP to maximize the interactions between the
patch and the tethers, as respectively shown in Figure 4.9 (c) and (d). We observe the
number of interactions between the patch and the tethers to reach a steady state value, as

shown in Figure 4.9 (e). Similar to our observations for favorable patch — phospholipid
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head group interactions, we observe the NPs to move on the vesicle surface following

their adsorption onto the tethers.
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Figure 4.9: Images of the capture of single NP by tethers of hairy vesicle composed of
long tethers at (a) t = 957, (b) t = 1257, (c) t = 130z, (d) t = 180z, and (e) a plot of
number of interactions between NP patch and tethers as a function of time during the
capturing process.
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We measure the time evolution of the interaction count between the patch and the
tethers, for different number of NPs introduced simultaneously into the system, as shown
in Figure 4.10. A comparison of the interaction counts between the patch and the
phospholipid head group with that corresponding to the patch and the tethers indicate no
significant differences for a given number of adsorbed NPs (see Table 4.1). This implies
that a NP does not adsorb onto a single tether; instead it maximizes the favorable
enthalpic interactions by adsorbing onto multiple tethers. The notable difference between
patch — head and patch — tether interaction plots (see Figures 4.5 and 4.10) is absence of
the discrete increase in the interaction count in the latter with the adsorption of the NPs.
In addition, the time required for all the NPs to adsorb onto the tethers is significantly
shorter than the adsorption time of the NPs onto the phospholipid head groups. The latter
can be attributed to the lack of steric hindrance by the tethers, which facilitates the
adsorption of the NPs onto the tethers.

We measure the residence time for the systems exhibiting favorable interactions
between the patch and the tethers, for four, eight and twelve large NPs introduced
simultaneously into the solution. We define the residence time as the number of times
that a tether is found to be in contact with a patch during the time interval of 10,000t. For
this measurement, we track the interactions between the tethers and a patch at intervals of
50r.

To understand the distinctive behavior of adsorbed NPs on phospholipid head
groups and tethers, we compare the respective residence time distribution while ensuring
that the same number of NPs is adsorbed in the time interval of 10,000t. Figure 4.11

shows the residence time measurements for systems with favorable interactions between
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the patch and the phospholipid head group (for short tethers) and the patch and the tethers

(for long tethers). Our calculations demonstrate the residence time distribution for
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Figure 4.10: Plots of number of interactions between NP patch and tethers as a function
of time for (a) 4, (b) 8, (c) 12 NPs interacting with hairy vesicle composed of long tethers.
The simulations have been run for a total time of 80,000t. The measurements from four
simulation runs using different random seeds are shown separately in the plot.
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systems with favorable enthalpic interactions between the patch and the tethers to support
short-lived interactions. We surmise that the conformational entropy of the tethers will
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Figure 4.11: Residence time measurements of NPs following their adsorption on to the

phospholipid head groups of the hairy vesicle composed of short tethers and tethers of

hairy vesicles composed of long tethers for (a) 4, (b) 8 and (c) 12 NPs. The simulations

have been run for a total time of 10,000t and each data point has been averaged over
four simulation runs using different random seeds.
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reduce the lifetime of the interactions between the patch and the tethers. Another possible
contribution is the higher degree of obstruction encountered by the NPs adsorbed on to
the phospholipid head groups during their lateral diffusion due to the excluded volume of
the tethers. The excluded volume of the tethers would constrain the motion of the NPs
and phospholipids, thereby increasing the lifetime of their interactions. The decrease in
the lateral diffusion of adsorbed proteins on a liposome surface by grafted PEG chains
has been previously shown in experiments.’”® As the total number of adsorbed NPs
increases, we observe the residence time distribution to favor longer lived interactions
due to the decreasing population of tethers and phospholipids which are available to
participate in new interactions with the NP patch.
4.3 Modeling interactions between charged nanoparticles and multi-
component vesicles via implicit solvent coarse-grained molecular
dynamics simulation technique

4.3.1 Modeling and parameterization of system components

We have used an implicit solvent model introduced by Cooke and Deserno’’ (as
described in Sections 2.4.1 and 2.4.2) to develop a coarse-grained representation of two-
tail lipid molecules which we extend to implement screened electrostatic interactions in
the model. Our system consists of a stable multicomponent vesicle composed of
zwitterionic and neutral lipid molecules, and NPs with negatively charged patches. A
lipid molecule is represented by a bead-spring model with one head group encompassing
three hydrophilic beads and two hydrocarbon tail groups composed of three hydrophobic
beads each, as shown in the Figure 4.12 (a). We use a multicomponent vesicle composed

of zwitterionic and neutral lipid molecules. Positive and negative charges are added into
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two hydrophilic beads in the head group of zwitterionic lipid molecules, as shown in
Figure 4.12 (b). The experimental examples of zwitterionic and neutral lipid molecules
are  dipalmitoylphosphatidylcholine  (DPPC) and  1,2-dipalmitoyl-sn-glycerol,
respectively. Same bonded and non-bonded potentials (as detailed in Section 2.4.2) are
used to model attractive and repulsive interactions between lipid beads. In addition,

screened electrostatic interaction between the charged groups is modeled via the Yukawa

—kr

potential U(r) = Aer (for r < r.®) where 1/k is the Debye screening length and r.

elec i

S

the cutoff distance for screened electrostatic interactions. The cut-off distance is chosen

as 1 = 66. A is a constant which embodies the strength of the electrostatic potential

09,

TEGE

and given by A= where g1 and g, are charges belong to charged groups, ¢ is

vacuum permittivity and ¢ is dielectric constant of water. The strength of the screened
electrostatic interactions will be determined by the concentration of the counterions. We
choose 1/k = 1 nm which corresponds to Debye length for 0.1 M solution of a
monovalent salt and is commonly used approximation of the cytoplasm.’®® DPPC
phospholipid molecule has positively charged choline and negatively charged phosphate
groups which bear charges +e and —e, respectively (e = 1.602x10™*° C). By using &, =
8.854x10™%? C?/Nm? and ¢ = 80, we get A ~ + kyT for the electrostatic interactions
between charged groups of DPPC phospholipid molecules.

The NPs, shown in Figure 4.12 (c), are hollow spheres composed of 312
hydrophilic beads with a patch covering 20% of the surface and the radii of 2.25c. The
patch is set to be negatively charged (anionic patch) so it has highly favorable

interactions with the positively charged head bead of phospholipid molecule. The
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remaining part of NP is modelled as neutral. Experimental counterparts of the NPs can be
proteins, drug molecules or synthetic particles with moieties grafted on to its surface.'”
We model the complex topography and asymmetric charge distribution of NPs via patchy
spherical counterparts.*®® Negatively charged nanoparticles can be obtained by modifying
the surface of white polystyrene (PS) latex with carboxyl groups (~0.91e/nm?).}"® The
surface area of the NP patch is found to be 4.4 nm?, which corresponds to Qpatch ~ 4€” by
using the charge density of 0.91 e/nm®  For the attractive interactions between the
negatively charged patch and the positively charged phospholipid head bead, A parameter
is found to be -4kgT. Similarly, for the repulsive interactions between the negatively
charged patch and the negatively charged phospholipid head bead, A parameter is found

to be +4kgT. In addition, A parameter for patch — patch interactions is set to +16kgT by

0.9,

using the previously defined relation A =
Are,e

. All the remaining interactions between

NP and lipid molecules are described by WCA potential withe=1, rc = 29 bhandb=o0.

(a) (b)

Figure 4.12: Images of the (a) neutral lipid molecule, (b) zwitterionic
phospholipid molecule such as DPPC, and (c) spherical NP with a negatively charged
patch. NP has a radius of 2.25r..

The simulations were run in the canonical ensemble using the Langevin
thermostat with three dimensional periodic boundary conditions. The simulation box

dimensions were set to 60c x 60c X 60c. The total number of beads in the system was

36000 which corresponds to a lipid density of 0.019 lipids per o. The simulation time
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step was set to 6t = 0.01t. All the other parameters pertaining to implicit solvent CG MD
simulation technique, time, length and energy scales are obtained from Section 2.4.2 and
Section 2.4.3.

4.3.2 Results and discussion

The binary component vesicles are composed of 1:2 mixture of zwitterionic
phospholipids and neutral lipids. We begin with a preassembled binary component
vesicle, which is placed in a simulation box of dimensions 60 ¢ x 60 ¢ x 60 c. The total
number of lipid beads in the simulation box is 36000. The simulation box has periodic
boundaries along the three coordinate axes and a total of 4000 zwitterionic phospholipid
and neutral lipid molecules. A mixed stable vesicle is obtained in a simulation spanning a
time interval of 100,000t. We introduce NPs into the simulation box such that their
center-of-masses are 66 away from the vesicle surface. We run the simulations until all
the NPs interfacially adsorb onto the vesicle surface. The characterization for each
system uses particle trajectories from four simulations which have identical initial
conditions but different random seeds.

We start with a mixed vesicle composed of zwitterionic and neutral lipid molecules
in implicit solvent conditions and place 24 charged patchy NPs at randomly selected
positions in the simulation box, as shown in Figure 4.13. The strong electrostatic
interactions between the negatively charged NP patch and the positively charged
phospholipid head group result in the adsorption of NPs while vesicle keeps its integrity,
as shown in Figure 4.13. This is consistent with the previous studies demonstrating that
anionic and cationic NPs adsorb to the PC group of phospholipids and liposomes

maintain their integrity in the presence of adsorbed NPs on their surface.'”
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We examine the time evolution in the interaction count between the negatively
charged NP patch and the positively charged phospholipid head group using 24 NPs, as
shown in Figure 4.14. A pair of beads is considered to be interacting if their center-to-
center distance is less than the cut-off distance (r. = 1.07) based on WCA potential. We
observe the adsorption of the NPs to occur in a very short interval of time as the NP patch
is already present within the interaction range of phospholipid head groups at the

beginning of the simulation run. The system is setup in this way due to the lack of solvent

Figure 4.13: (a) Initial configuration of binary component vesicle composed of
zwitterionic phospholipids (33%) and neutral lipid molecules (67%), and 24 NPs with
negatively charged patches randomly placed outside the vesicle surface, (b) binary
component vesicle with 24 NPs adsorbed onto the phospholipid head groups at t =
100,000z

molecules. Solvent could be used to bring NPs into close proximity of phospholipid head
groups via hydrodynamic forces, as we observe in Section 4.2.2 by using DPD approach.
We demonstrate that there is a steep increase in the number of interactions between the
NP patch and the phospholipid head groups and it quickly reaches a steady state value.
The number of phospholipid molecules interacting with each NP patch is found to be

around 6-12, and this value does not change after the number of interactions reaches a
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steady value. We find that prior adsorbed NPs do not affect the number of phospholipid
head groups interacting with the subsequently adsorbing NPs, so there is no limiting
effect of the availability of phospholipids on the adsorption dynamics of multiple NPs,
similar to our observations in Section 4.2.2.

We measure the residence time to understand the dynamics of the phospholipids
interacting with the NPs via electrostatic interactions following their adsorption. We
define the residence time as the number of times positively charged head group of a
phospholipid molecule is found to be interacting with negatively charged patch of a NP
during a time interval spanning 80,000t. For this measurement, we track the interactions
between the phospholipid head groups and the NP patch at time intervals of 100t. A

phospholipid molecule can have a maximum residence time of 800 (80,000t / 1007) if it
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Figure 4.14: Plot of the number of interactions between the negatively charged NP patch
and positively charged phospholipid head groups as a function of time for 24 NPs
interacting with binary vesicle composed of zwitterionic phospholipids (33%) and neutral
lipid molecules (67%). The simulations have been run for a total time of 100,000z. The
interaction count has been averaged over four simulation runs using different random
seeds.
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IS in contact with a NP patch during the entire interval of the measurement. The residence
time distribution for a system composed of 4000 lipid molecules and 24 NPs is obtained
by binning the number of phospholipid molecules based upon their residence time, as
shown in Figure 4.15. Our results demonstrate that a large population of phospholipid
molecules has long lasting interactions with the NP patch, evidenced from the fact that
residence time distribution is completely shifted towards right. This indicates that
phospholipid molecules are not diffusing away after interacting with NP patch for a short
time interval. One of the reasons for long lasting interactions between phospholipid head
groups and NP patch could be the absence of solvent molecules in the implicit solvent

CG MD approach, where NPs lack the momentum resulted from solvent molecules.
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Figure 4.15: Residence time measurements of 24 NPs after their adsorption on to the
phospholipid head groups of binary component vesicle composed of zwitterionic
phospholipids and neutral lipid molecules.

Another reason could be the formation of distinct domains of zwitterionic lipid molecules
at the site of interaction, which are surrounded by neutral lipid molecules. We observe the
formation of the domains upon the adsorption of NPs on the vesicle surface, as shown in

Figure 4.16. The reconstruction of the vesicle surface by the formation of small domains
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is also captured quantitatively via measuring number of interactions between the head
groups of zwitterionic lipid molecules, as shown in Figure 4.16 (c). We surmise that
strong electrostatic interactions between phospholipid head groups and NP patches

prevent phospholipid molecules from diffusing away in a short time interval.
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Figure 4.16: (a) Initial configuration of zwitterionic phospholipid molecules within the
interaction range of NPs before their adsorption. (b) Formation of small domains
composed of zwitterionic phospholipid molecules upon adsorption of NPs on to the
vesicle surface. (c) Plot of the number of interactions between phospholipid head groups
as a function of time during the adsorption of NPs on to the vesicle surface.
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4.4  Chapter conclusions

We have demonstrated the interactions between a stable vesicle and NPs can be
controlled via steric stabilization through the use of DPD approach. We implement the
steric stabilization on the vesicle by using a mixture of phospholipids and hairy lipids.
We identified the factors which control the adsorption of NPs on the vesicle surface as
well as their behavior on the surface after the adsorption. Our results demonstrate the
relative size of the NPs to the tether length, the relative concentration of the hairy lipids
and the relative affinity of the NP patch for the tethers and phospholipid head groups to
determine the adsorption behavior of the NPs. The decrease in the adsorption of NPs onto
the vesicle surface with increasing concentration of hairy lipids is found to be good
agreement with previous experimental and theoretical studies on the adsorption of
proteins on a gold surface covered with short oligomeric polyethylene oxide.*®*®° The
residence time measurements show the NPs to be moving over the surface of the vesicle,
and the lateral diffusion of the NPs to be obstructed by the presence of hairy lipid
molecules, which is in a good agreement with experimental results.!™

In addition, we demonstrate the formation of binary component vesicle composed
of zwitterionic and neutral lipid molecules via the use of implicit solvent CG MD
approach. We investigated the interactions of NPs with negatively charged patches with
the positively charged head group of phospholipid molecules as well as the behavior of
NPs on the vesicle surface after the adsorption. We demonstrated the adsorption of
charged NPs to induce reorganization of phospholipid molecules on the vesicle surface.
The residence time measurements show the NPs to have long lasting interactions with

phospholipid head groups, as opposed to our observations in the interactions of NPs with
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the surface of hairy vesicle using DPD approach. This difference could be resulted from
the absence of solvent molecules in the implicit solvent CG MD approach, where NPs
lack the momentum resulted from solvent molecules. Another reason can be the
formation of distinct domains on the vesicle surface due to the strong electrostatic
interactions between NP patch and phospholipid head groups, as we do not observe any

domain formation for the interactions of NPs with phospholipids using DPD approach.

Chapter 5

Conclusions

To summarize, we carried out our investigations on the multi-component bio-
inspired phospholipid vesicles composed of phospholipid species with different
interfacial areas or hydrocarbon tail groups in both hydrodynamic and non-hydrodynamic
conditions in order to understand the factors affecting the organization, stiffness, shape
and stability, and the underlying mechanisms of the interactions between biological
particles or synthetic particles with them by using two different coarse-grained MD based
simulation methods. We utilized DPD method to capture the hydrodynamic effects and
the coarse-grained implicit solvent MD to capture larger length and time scales. Using
these modeling tools enabled us to address physical phenomena at a desired spatio-
temporal scale such as length scale from 1 nm up to 1 pum and time scale from nano-
seconds to micro-seconds.

In chapter 2, we focused on the development of the vesicle models by using more

realistic coarse-grained representations of lipid molecules such as double tail
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phospholipid species. We investigated the formation of single and binary lipid vesicles
composed of two-tail amphiphilic lipid molecules and coarsening dynamics in a two-
component vesicle composed of phospholipid molecules with distinct chemical properties
in hydrodynamic and non-hydrodynamic conditions using DPD and implicit solvent CG
MD, respectively. We demonstrated that the degree of dissimilarity between the
phospholipid species affects their ability to form distinct domains in the lipid bilayer and
the occurrence of macroscopic phase separation for phospholipid mixtures composed of
species with different hydrocarbon tail groups. We observed the characteristics of the
macroscopic phase segregation to agree with earlier numerical, theoretical and
experimental studies. We showed that the variations in the molecular chain stiffness
affect the structural properties and shape transformations of the vesicle but have no effect
on the phase segregation process. We did not observe significant changes in the bilayer
thickness and the area per lipid for different mixtures of lipid species in both techniques.
We obtained the relation between phase segregation in the multicomponent vesicles and
thermodynamic variables such as interfacial line tension and surface tension via the use
of DPD approach, and they were found to be consistent with theoretical and experimental
studies. We found our investigations on the effects of temperature on the physical
properties of single component lipid vesicles to agree with experimental results via the
use of CG MD approach.

In chapter 3, we designed sterically stable biocompatible vehicles aka ‘“hairy
vesicles” encompassing two species of phospholipids with different interfacial areas and
hydrocarbon tail groups via self-assembly and identified the factors which control the

shape of the vesicles. The relative concentration of the end-functionalized lipids, tether
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length, molecular stiffness, degree of dissimilarity in the hydrocarbon tail groups, and the
volume of confinement were found to determine the shape of the hairy vesicle. The
asymmetric distribution of the hairy lipid molecules in the inner and outer monolayers of
the self-assembled hairy vesicles was shown to occur due to the excluded volume of the
tethers, and we found these results to be in good agreement with theoretical and
experimental results. The final equilibrium morphology of the hairy vesicles was shown
to depend upon the packing of the molecular species, and the excluded volume of the
tethers. The transition from an ellipsoidal to a spherical morphology is promoted with
increasing hydrocarbon tail stiffness while the excluded volume of tethers counteracts
this transition by disrupting the tight packing of the molecules. These observations for the
shape transformation of the hairy vesicles were found to agree with experimental studies.
In addition, the degree of confinement was found to cause the prolate shaped vesicles to
transform into an oblate shape for different relative concentrations of the hairy lipids and
the length of the hairs, which was found to be in good agreement with earlier theoretical
investigations. The formation of stable bicellar structures was found to be favored with a
higher degree of confinement.

In chapter 4, we demonstrated that the relative size of the NPs to the hair length,
and the relative concentration of the hairy lipids to affect the adsorption behavior of the
NPs on two different vesicle surfaces: (i) phospholipid head groups and (ii) hairs. The
amount of adsorbed NPs was found to decrease significantly as their dimensions get
smaller than the length of the hairs. We also found that the number of adsorbed NPs
decreases linearly with increasing relative concentrations of the hairy lipids, which is in

good agreement with previous experimental and theoretical studies of nanoparticle
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adsorption on the surfaces decorated with short tethers. Thus, the hairs provide a means
of regulating the adsorption of NPs onto the biocompatible vesicles. We demonstrated
that the adsorption behavior of the NPs to depend on the relative affinity of the NP patch
for the tethers and phospholipid head groups. A shift in the relative affinity of the NPs
towards the tethers facilitates their adsorption due to the lack of steric hindrance, and this
result in a significant reduction in the adsorption time of the NPs onto the vesicle surface.
Our measurements showed that adsorbed NPs are moving over the surface of the vesicle
instead of anchoring to a specific location, and their lateral diffusion is obstructed by the
presence of hairy lipid molecules.

In the second part of this chapter, we demonstrated the formation of binary
component vesicle composed of zwitterionic and neutral lipid molecules via the use of
implicit solvent CG MD approach. In order to achieve this goal, we implemented
screened electrostatic interactions in the implicit solvent CG MD model by using Yukawa
potential. By using this reduced model, we investigated the interactions between NPs
with negatively charged patches and the positively charged head group of phospholipid
molecules. We demonstrated the adsorption of charged NPs to cause reconstruction of the
vesicle surface by inducing reorganization of phospholipid molecules in the lipid bilayer.
The residence time measurements show the NPs to have long lasting interactions with
phospholipid head groups, as opposed to our observations in the interactions of NPs with
the surface of hairy vesicle using DPD approach. This difference could be resulted from
two possible reasons. One of the reasons is the absence of solvent molecules in the
implicit solvent CG MD approach, where NPs lack the momentum resulted from their

interactions with solvent. The other reason can be that strong electrostatic interactions
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between the negatively charged NP patch and positively charged phospholipid head
groups induce the formation of distinct domains on the vesicle surface and NPs are
anchored to these domains. We do not observe any domain formation for the interactions
of NPs with phospholipids using DPD approach as NP — phospholipid interactions are
found to be quite transient.

Overall, the aim of this dissertation is to understand the underlying mechanisms
that affect the organization, shape, stiffness and interfacial stability of biomaterials and
their interactions with biological or synthetic particles. Each chapter demonstrated the
cooperative relations among these factors which determine the final structural and
functional state of the lipid based systems by using suitable modeling tools which can
address physical phenomena at longer time and length scales such as length scale from 1

nm up to 1 pum, and time scale from nano-seconds to micro-seconds.

Future directions

Our investigations can be extended to model larger model bilayer systems which
mimic the composition of the cell membranes by introducing other cellular components
such as various phospholipid species, sterols, carbohydrates and membrane proteins. This
will enable us to validate our models against experimental results, and use the models for
predicting the processes and mechanisms underlying the interactions of biological or
synthetic nanoparticles with cell membranes. One type of critical cellular component with
a potential interest to model in the future scope of this research is actin cytoskeleton
system. The cytoskeleton is a polypeptide network that surrounds the inner monolayer of the
cells and play important role in the structural integrity and physiological functions of the cells

by controlling their stiffness, shape and mobility. The bilayer-actin cytoskeleton system with
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various membrane proteins can be modeled in order to understand the role of cytoskeletal on
the interaction between nanoparticles and cell membranes as well as the impact of these
interactions on the organization of membrane proteins.

One of the challenges in transporting drug delivery vehicles through blood
capillaries is their disruption and rupture before delivering their cargo to the target cells.
In order to design drug delivery systems with improved transportation efficiency in blood
capillaries, it is important to investigate the shape characteristics of sterically stable
bioinspired vesicles or “hairy vesicles” in more realistic environment such as during their
flow through blood capillaries. Cylindrical microfluidic channels and Poiseuille flow in
the channel can be implemented to model the transport of hairy vesicles in the blood
capillaries. These models can be used to investigate various effects such flow rate and
vesicle composition on the deformation dynamics and morphology of the vesicles, which
would be difficult to study by using real-time in vivo conditions.

Another future direction in line with the objectives of this dissertation work is
developing a computational model by coupling implicit solvent coarse-grained molecular
dynamics model with a Lattice-Boltzmann fluid in order to design and characterize
nanostructured soft materials. Lattice-Boltzmann fluid can be used to implement long range
hydrodynamic effects in the system instead of using computationally expensive explicit
solvent molecules. This hybrid model can be used to generate a stable vesicle composed of
single and multiple phospholipid species in order to investigate physiological processes
occurring on the mesoscopic spatio-temporal scales. The results of these investigations
can be used for the design and prediction of novel hybrid soft and bio-materials at the

mesoscale for various applications in medicine, sensing and energy.
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