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ABSTRACT OF THE THESIS
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Thesis Director:

Dr. Meenakshi Dutt

Drug carriers are designed with an aim of decent pharmacokinetics and
interaction with various nanoparticles. Several characteristics of drug carriers like shape
and size influence the pharmacokinetics and interaction. To understand the factors that
affect the morphology and dynamics of the system, we design coarse-grained models for
the constituents of the carriers. Capturing the physical phenomena would require a
molecular simulation technique capable of resolving over a vast ranges of space and time.
Disssipative Particle dynamics (DPD) is one such technique which can simultaneously
resolve molecular and continuum scales. This technique can handle large length (from 1
nm up to 1 um) and time scales (nano-seconds to micro-seconds). This thesis focuses on
understanding the underlying mechanisms that affect the organization, shape, stiffness

and interfacial stability of biomaterials. This will help design simple biomimetic

ii



macromolecules finding use in delivery of therapeutic agents and cellular sensing. It also
helps in understanding the underlying mechanisms of interactions between micelles,

proteins or synthetic particles with bio-inspired macromolecules.
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Chapter 1 Introduction

The plasma membranes of eukaryotic cells protect the protein and the lipid
molecules in the non-cyclic monolayer from the external environment by a protective
layer of carbohydrate molecules. These membranes are made of many amphiphilic
molecules, of which phospholipid is a major component'. The phospholipids comprise of
a hydrophilic head group and hydrophobic tail group. These molecules self-organize into
aggregates and domains®'> owing to the conflicting chemistries of the head and tail
groups. The ability of the cell membranes to reorganize its constituents facilitates many
cellular functionalities like interfacial binding''°, fusion, budding and aggregation'”'®.
Additionally, these molecules are known to promote processes like cell recognition,
communication and adhesion which include sperm-egg interactions, blood clotting,
lymphocyte recirculation and inflammatory responses.

One of the aims of this thesis is designing interfacial stable delivery vehicles with
shapes that are favorable for an unhindered passage through the circulation system and
efficient internalization by desired cell populations and understand the factors that affect
the organization, shape, stiffness and interfacial stability. Shape of the carrier is a major
parameter that needs attention to while designing them. The morphology of the vesicles is
affected by various intrinsic and extrinsic factors. One of the intrinsic factors we discuss

about is the stiffness of hydrocarbon tails. The stiffness of the hydrocarbon tails of lipid

molecules is dependent upon their length and saturation.'”?' The stiffness of the



amphiphilic constituents of the vesicle are known to affect the stability and bending

20,22

rigidity of the lipid bilayers. The circulation time and encapsulation efficiency of the

19,23

carriers depends on the elasticity of the membranes. Thus, chain stiffness is an

important factor to be taken into consideration during the design of therapeutic agent
carriers.

The carbohydrate chains on the surface of cells inspire the design of
biocompatible therapeutic agent carriers of longer circulation times and targeted

delivery.***® A common practice to mimic this nature of cell surface is to graft

29-31

Polyethylene glycol (PEG) chains to the lipid head groups. Presence of PEG chains

31-33 31,36,37

influences the size®' ™, shape™™°, drug loading capability of the liposomes. The

shape of the equilibrated aggregates also depends on the spatial distribution of curvature-

inducing functional groups present in the bilayer’>*.

In addition to intrinsic factors, extrinsic properties like volumetric confinement can also

22,41

be used to control the shape of aggregates. It has been found that dimensions,

geometry, surface characteristics of the confining medium influence the morphology of

equilibrated block copolymer aggregates.**™’

Simulations pertaining to lipid bilayers resolving the dynamics of the lipid and
water molecules on an atomistic scale are computationally expensive. Hence, it is

important to employ a suitable tool for addressing the phenomena occurring on a

22,41,47,49-67 50-52,68-74

mesoscale. Methods like coarse-graining , implicit solvent methods or

mean field theoretical approaches’™

can be used to resolve dynamics over large length
and time scales. Previously implicit solvent approaches have been used to investigate

phase segregation dynamics using Monte Carlo®* and coarse-grained Molecular dynamics



(MD) technique."* However, we used a MD based approach entitled Dissipative Particle
Dynamics (DPD)>®*>41#8:53578587 which is capable of resolving both molecular and
continuum scales simulatenously and capture hydrodynamic behavior, to study phase

: . . s e . 2,6,86,88-90
segregation in multi-component lipid vesicles.”™™



Chapter 2 Methodology

Dissipative Particle Dynamics (DPD) is a mesoscopic simulation technique that
uses soft-sphere coarse-grained models to capture both the molecular details of the
nanoscopic building blocks and their supramolecular organization while simultaneously

49192 11 order to

resolving the hydrodynamics of the system over extended time scales.
capture the dynamics of the soft spheres, the DPD technique integrates 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 on particle i, which is given by F. = &€ F . + F, . + F_.. . The soft spheres
g p g Y i c,ij d.ij ri p

J=i

. . . 7. R
interact via a soft-repulsive force (F,, =a;(1- % )X, forrj <r.and F,, =0, for rj =
c

r.), a dissipative force (Fd,ij=—}/wd(rlf)(fij°vij)fy) and a random force (

F , =-0w'(1,)0,t,), where o’(r)=[w' (1)) =(1-r)* (forr<1), o’ (r)=[w ()] =0
(forr=1) and o” =2yk,T . a; is the maximum repulsion between spheres i and j, vi;= v
— vjis the relative velocity of the two spheres, ;= ri— 1j, 1= [ri— 1jl, T, = 1y/ryj, T = 139/1C, ¥
is the viscosity related parameter used in the simulations, s is the noise amplitude, 0;j(t) is

a randomly fluctuating variable from Gaussian statistics, " and o' are the separation

dependent weight functions which become zero at distances greater than or equal to the



cutoff distance r.. Since the local linear and angular 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 a;; and the Flory interaction parameter , for

a bead number density p = 3r.” is given by y = (0.286 = 0.002)(a, - aii).91 Groot et al.”!

have provided a detailed explanation of the relationship between the Flory’s y parameter
and the DPD interaction parameters.

The soft repulsive pair potential parameters for the lipid molecule head and tail
beads were selected to capture its amphiphilic nature.”* In addition, the tether beads are
considered to be hydrophilic in nature. The interaction parameters between the like
components, a;;, are based on the property of water.”’ The repulsion parameter between

k,T

two beads of the same type is set at a;; = 25 (measured in units of f ) which is based

c

upon the compressibility of water at room temperature’' for a bead density of o = 3.

The soft repulsive interaction parameter a; between hydrophobic and hydrophilic beads is

k,T . . . o .
set at a; =100"" A , and is determined by using the Flory-Huggins interaction

parameters, ), asa, = a, +3.496y , for p = 377 A

Two consecutive beads of a molecule are connected via a bond that is

described by the harmonic spring potential £,,,, = K,,,,((r = b)/7.)*, where K, , is the

bon

bond constant and b is the equilibrium bond length. The constants, K, and b are

assigned values of 64¢ and 0.5r., respectively.*>’ The three-body stiffness potential



along the lipid tails has the form £, = K, (1 +cos€@) where @ is the angle formed by

angle

three adjacent beads. The coefficient K., is set to be 20¢ in our simulations. The three-

angle

body stiffness term increases the stability and bending rigidity of the bilayers. Similar
bond and angle potential functional forms and parameters are used for the tethers.

In our simulations, the respective characteristic length and energy scale are r. and

ksT. As a result, our characteristic time scale can be described asz = \/mr.” / k,T . Finally,

o =3 and 4¢ = 0.027 are used in the simulations along with the total bead number density

Y

of p = 3r.” and a dimensionless value of 7. The mass of all the beads is set to

unity, #1:57:59.8891.92

We draw a correspondence between our model and physical systems via the
experimental properties of biological lipid bilayers.”> The characteristic length scale is r.
= 0.76 nm, and is obtained through the comparison of experimental measurements of the
interfacial area per lipid of a dipalmitoylphosphatidylcholine (DPPC) bilayer with similar
measurements from our simulations. The time scale t was calculated to be 6.0 ns by
comparing the experimental measurement of the diffusion coefficient of DPPC bilayer,

57

which is given by 5x10"* m?s,”” with that obtained from the simulations. Using a

temperature of 50 °C, the energy scale is calculated to be & = kgT = 4.5x107' J.



Chapter 3 Designing Hairy Vesicles: Role of Molecular Architecture,

Composition and Volumetric Confinement

The publications relevant to details of the discussions provided in this section:

* Aydin, F., Uppaladadium, G., Dutt, M., 2015, the design of shape-tunable hairy
vesicles. Colloids and Surfaces B: Biointerfaces 128, 268-275.

* 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.

e Uppaladadium, G., Aydin, F., Chong, L. and Dutt M., Review article in
preparation.

Contribution to work:
* Running relevant simulations.

* Performing analysis and visualizing the system.
3.1 Overview

In this chapter, our primary focus will be on designing of interfacially stable hairy
vesicles which act as drug carriers to target cell populations” and have a morphology
promoting the circulation and internalization by target cells. The stability and
morphology of these carriers greatly influences the drug delivery efficacy. The
morphology of the aggregates is controlled by various intrinsic and extrinsic factors.
Experimental and computational studies have investigated the morphology of binary

33,37,95,96

mixtures of PEGylated and non-PEGylated lipids; and their dynamics and



stability,”?>*® for species composed of the same hydrocarbon tail groups.*'**?® An

effort has been made in this chapter to understand the effect of intrinsic factors like tether
length, relative concentration of hairy lipids, molecular stiffness and extrinsic factors like
volumetric confinement on cluster growth dynamics and aggregate morphology. For this
purpose, a Molecular dynamics based mesoscopic simulation technique called Dissipative

Particle Dynamics has been adopted to carry out investigations.
3.2 Model and system setup

3.2.1 Role of Molecular Architecture in Bulk Conditions

The constituents of the system are phospholipids, hairy lipids and solvent as
shown in the Figure 3.1 (a). Bead-spring models represent these molecules. A
phospholipid molecule is composed of three hydrophilic head groups and two
hydrophobic tail groups containing three beads each. The hairy lipid molecules are
essentially a phospholipid molecules with hydrophilic tethers grafted to one of the head
beads. The hairs are modeled by three and six beads and are classified as short and long
respectively. Experimental examples for the tethers are PEG chains with degrees of
polymerization (n) of 6 and 12 respectively. Previous theoretical’’ and experimental
studies”®” demonstrate that polymers with 6 to 17 EO units to reduce amount of protein
adsorption at a certain surface coverage because of the entropic repulsion offered by the

tethers .
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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



10

The soft repulsive pair potential parameters between different species are assigned

the following values in order to capture the amphiphilic nature of species. The units for

the parameters are kB%.

ags =25, arr =25, ars = 25, anin = 25, aua = 25, anne = 25, ape =25, apn = 100, aps =
25, ass =100, apz = 100, anzs = 25, aps = 100, apir =25, ayr= 100, apr =25, apr= 100,
anirz = 100, apz:; = 100 and aypp0 = 25.

Where ‘s’ represents solvent, ‘h’ represents head, ‘t’ represents tail, ‘T’ represents tether,
‘1’ and 2’ represent lipid type. The values of the inter-specie tail-tail soft repulsive
interaction parameter a,;,> will span values ranging from 31 to 50, to mimic mixtures of

amphiphilic species with different tail group properties.

3.2.2 Role of Confinement

The system components are modeled similar to bulk conditions, exception being
that tethers are modeled by three, five and six hydrophilic beads, which experimentally
correspond to 6, 10 and 12 degree of polymerization (n). Two planar walls, each
consisting of frozen DPD particles with thickness of 0.85r. and a total area of 1779r.” are
placed along the xy-plane as shown in Figure 3.2 (a). Wall beads are organized in a
triangular lattice. The walls are modeled in such a way that they have favorable
interactions with the solvent molecules and unfavorable interactions with the amphiphilic
species. A hydrophilic surface with a charge distribution resulting in unfavorable
enthalpic interactions with amphiphilic molecules can be a relevant experimental
counterpart'® for the modeled planar walls. Microfluidic channels sealed with oxidized

poly(dimethylsiloxane) (PDMS) are found to be negatively charged in neutral and basic



11

101

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'*.

(a)

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
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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.

The soft repulsive pair potential parameters between different species are assigned

the following values in order to capture the amphiphilic nature of species. The units for

the parameters are kB%.

ags =25, arr =25, ars =25, apint = 25, awuu = 25, apnz = 25, app = 25, apg = 100,
anis = 25, ans = 100, apz2 = 100, apos = 25, aps = 100, apir = 25, ayr = 100, apor = 25, apr
=100, an2 = 100, apzr = 100, apinz = 25, asw = 25, ar, = 100, appe = 100, apzy = 100, @y
=100 and a2, = 100.

Where ‘s’ represents solvent, ‘h’ represents head, ‘t’ represents tail, ‘T’ represents

tether, ‘w’ represents wall, ‘1’ and ‘2’ represent lipid type.
3.3 Results and Discussions

3.3.1 Aggregation dynamics influenced by intrinsic factors

Initially, phospholipids and short tether hairy lipids in a 9:1 ratio are placed in
random positions in a solvent, in a simulation box of 30X30X30 rc’. The amphiphilic
species i.e., the phospholipids and hairy lipids constitute to 5.6% of the total number

beads in the simulation box. The simulation capturing the unfavorable enthalpic
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interactions between hydrophilic and hydrophobic species is run for a time interval of
60,000t. The self-assembly process is fundamentally, an interplay between the
minimization of the unfavorable enthalpic interactions and maximization of the molecular
configurational'” and conformational entropy. The self-assembly process begins with
diffusion, collision, coalescence of lipid molecules forming small clusters and continues
with the formed clusters diffusing, colliding, coalescing to form larger clusters and so on.
A cluster is a group of non-solvent beads whose center-to center distance is within their
interaction cut-off range which is given by r.=1. In this chapter, we study how intrinsic
factors like tether length and relative concentration of hairy lipids influence the
aggregation dynamics. The relative concentrations of the hairy lipids studied in this
chapter are 10%, 20%, 30%, 40% and 50% for short tethers, and 10% and 20% for long
tethers. The simulations are run for 16 random seeds with identical initial conditions.

One of the factors listed above that influence the equilibrium morphology of the vesicle is
the increase in steric effect, which is a direct result of high relative concentration of the
hairy lipids. Experimental’> and theoretical” studies predict have demonstrated that
average cluster size decreases with the increase in relative concentration of grafted tethers
because of the increased repulsive forces over the vesicle surface due to grafted tethers.
Average cluster size is defined as the sum of the number of phospholipid and hairy lipid
molecules divided by the total number of clusters. We also predict based on our scaling
exponent data, that the growth dynamics of the aggregates decelerates with increased
relative concentration of grafted tethers and tether length. The time evolution of the

aggregates during self-assembly is characterized using scaling exponents. We calculate



14

scaling exponents based on the number of clusters and average size of clusters using
following equations

N(t) ~C t* (3.1)
where N(t) is the number of clusters, C is a constant, t is time and a is the scaling
exponent. Similarly, the growth in the average size of a cluster can be characterized
using

<S(t)>~D t’ (3.2)
where <S(t)> is the average cluster size, D is a constant, t is time, and [ is the scaling

exponent. The scaling exponent results are as shown 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
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Table 3.1: Table of the scaling exponents o and p for the self-assembly of binary
mixtures composed of different relative concentrations of hairy lipid and phospholipid
molecules, and length of the tethers.

The slower growth dynamics may have been observed due to the higher drag
forces experienced by the lipid molecules because of the favorable enthalpic interaction
of the grafted tethers with solvent molecules.'®*'”> Our results are in good agreement
with aggregation dynamics of phospholipid molecules and hairy nanotubes.*' The time

evolution of the aggregation dynamics is as shown in Figure 3.3.

(a) 600 (b) 600
M

500 0 500

18
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200 ‘o 10 0w e a0 swo0 60 —Cone = 50% 200 |
100 { / 100 ‘
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Figure 3.3: The time evolution (beginning from time t = 1,000t) 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 = 1,000t. (c) The time evolution for the
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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%.

3.3.2 Aggregation dynamics influenced by extrinsic factors

In this part of the chapter, we study the effect of confinement over the aggregation
dynamics of phospholipids and hairy lipids. For this purpose, we place the lipids in a
confined volume bound by rectangular planes, which act as repellant walls. The
simulation box has dimensions of 45.4X39.1X40rc’ with periodic boundaries along all
three directions. The walls are equidistant from the origin of the simulation box over the
z-axis as shown in Fig 3.2(a). To study the aggregation dynamics under different degrees
of confinement, the distance between the wall planes is varied from 8r, to 20r.. The
system consists of 504 lipid molecules with three different relative concentrations of
phospholipid to hairy lipids, i.e., 8:2 (20% hairy lipids), 8.5:1.5 (15% hairy lipids) and
9:1 (10% hairy lipids). Three different tether lengths of 3, 5, 6 beads have been used. The
molecules are placed randomly between the two walls with solvent present between and
beyond the walls as shown in Fig 3.2(b). The simulations are run for a time interval of
120,000t. Similar to the case without any confinement, initially small clusters are formed
which subsequently aggregate to form larger clusters by diffusion, collision and
coalescence. The aggregation dynamics under confinement are characterized by
calculating the scaling exponents for three different tether lengths of 3, 5, 6 beads for
10%, 15%, 20% relative concentrations of hairy lipids. The degree of confinement is

varied by setting channel width at 8r,, 10r., 15r., 20r; along the z axis. The simulations
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are run for 4 different random seeds with same initial conditions. The scaling exponents
calculated are as shown in Figure 3.4.

No significant difference is observed for scaling exponents calculated at channel
widths of 15r;and 20r.. Scaling exponents are also calculated for self-assembly in bulk
conditions and the results obtained are within 2-5% of the scaling exponents calculated
for channel width of 20r.. This indicates that the effect of confinement is negligible for
channel heights of 15r. and 20r.. Thus, we conclude from Figure 3.4 that decrease in
channel width leads to deceleration of aggregation dynamics. We expect that the
aggregation decelerates due to increase in tether length as observed in the case of self-
assembly in bulk conditions. We observe concurrent results when the channel width is
151, and 20r,, but the effect of tether length is not observed at higher degree of
confinement. Also, the relative concentration of the hairy lipids also ceases to show any

effect on the aggregation dynamics.
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Figure 3.4: A plot of the scaling exponent o. 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.

3.3.3 Tether distribution

After studying the aggregation dynamics of the system, we extend our
investigations to understand the organization of species within the vesicle. The vesicle
can be divided into two subparts namely inner and outer monolayers. The inner
monolayer has tightly packed molecules due to its smaller volume compared to the outer
monolayer. For the same reason, tethers with similar excluded volume are expected to be
present more on the outer monolayer compared to inner monolayer. The excluded volume
of a tether is measured through radius of gyration. The radius of gyration can be

calculated using the following equation

2 |-Ei=l,N+l (r,-r, ) J

R =
¢ (V+1) (3.3)

where r;is the position vector for each tether bead, r.m is the position vector for center-of-
mass of a tether and N is the number of beads per tether. Radius of gyration of each tether
in a given monolayer is calculated and averaged over all the tethers post equilibration.

The organization of species between two monolayers is well described by Table 3.2.



19

Con Numberof Number of Radius of Radius of Minimu
C. Hairy Hairy Gyration Gyration m Maximum
(%) Lipids Lipids inthe Inner Inthe Outer Radius Radius
in the In the Monolayer Monolayer (ro) (ro)
Inner Outer (ro) (ro)
Monolayer Monolaye
r
10 10 40 0.37+0.02 0.37+0.02 4.3%0. 10.7x0.5
2
20 11 90 0.36£0.02 0.36x0.02 3.8#0. 11.8+0.4
o 3
=
£ 30 15 137 0.36£0.01 0.36x0.01 4.0+0. 11.3x0.3
é’ 2
E 40 39 163 0.37£0.01 0.37x0.01 4.2+0. 11.1+0.3
01
50 50 202 0.37£0.01 0.37x0.01 4.7+0. 10.3x0.3
2
10 6 44 0.56+x0.04 0.56x0.04 4.1+0. 11.3+0.4
2
5 20 4 97 0.54+0.03  0.54+0.03 4.1+0. 11.3%0.3
< 2
o
|

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.

An unbalanced distribution of tethers, where the inner shell has less number of
tethers is observed. This could be because of the smaller volume of the inner monolayer
not being to accommodate the excluded volume of the tethers. The disproportion in tether
distribution is more pronounced in the case of longer tethers compared to their shorter
counter parts, contributing towards the validity of the hypothesis made. A similar

hypothesis can be made for the difference in the radius of gyration of the tethers
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distributed across the monolayers. We note that the radius of gyration for the longer
tethers is higher in the outer monolayer than the inner monolayer. We surmise that the
tethers pack themselves into the inner monolayer shell reducing their excluded volume.

33,95 .
1> studies

Our observations are in good agreement with experimental’' and theoretica
which demonstrated the disproportionate distribution of molecular species between two
monolayers due to tightly packed inner region of aggregates of amphiphilic molecules.

The radius of gyration and tether distribution are not found to be affected by confinement

as shown in Table 3.3 and Table 3.4

Conc. Radius of gyration | Radius of gyration
(%) in the inner in the outer
monolayer (r.) monolayer (r.)

Tether length = 3 10 0.43+0.01 0.43+0.02
Zchannel = 10r, 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
Zchannel = 10r, 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 = 101, 15 0.72+0.07 0.87+0.03
Tether length = 3 10 0.40+0.03 0.41+0.02
Zchannel = 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
Zchannel = 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 = 15r¢ 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
Zchannel = 20r, 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
Zchannel = 20r, 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
Z channel = 20r, 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
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hairy lipids and tether lengths in the confinement with a channel height of 10r., 15r.and

20r..
Conc. Number of Number of
(%) tethers in the tethers in the
inner monolayer | outer monolayer
Tether length = 3 10 7+1 43=1
Zchannel = 10r¢ 15 12+4 644
20 17+1 84=1
Tether length =5 10 6 44
Zchannel = 10rc 15 6=1 70=1
20 7 94
Tether length = 6 10 5 45
Zchannel = 10rc 15 4 72
Tether length = 3 10 5+1 45+1
Zchannel = 15r¢ 15 11£2 65+2
20 14£2 87+2
Tether length =5 10 4+1 46=1
Zchannel = 15r¢ 15 7+3 69+3
20 9+1 92+1
Tether length = 6 10 2+1 48«1
Zchannel = 15r¢ 15 5£2 71£2
20 4+1 97+1
Tether length = 3 10 9+1 41=1
Zchannel = 20r. 15 10£2 662
20 17+1 84+1
Tether length =5 10 5+1 45«1
Zchannel = 20r¢ 15 5+£2 71£2
20 9+2 92+2
Tether length = 6 10 3+1 47+1
Z channel = 20r, 15 8 68
20 7=1 94x1

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.

3.3.4 Morphology influenced by intrinsic factors

We classify the morphology of a vesicle as ellipsoidal and spherical based on the
minimum and maximum distances from the vesicle’s center of mass to the lipid head
group in the outer monolayer. The vesicles with a large difference between minimum and

maximum distance are termed ellipsoidal and the opposite are termed spherical. We
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study, molecular stiffness of a species, spatial distribution of one species in bilayers,
specifically where one of the species has a curvature inducing functional group’®*’, as
intrinsic factors which can affect the morphology of the vesicle with different relative
concentration of hairy lipids and tether lengths. The stiffness of the chains is varied by
varying their angle potential constants (Kange). The angle potential constant of the hairy
lipid is set to 0, while that for the phospholipid is varied from 5-20. An experimental
example for a saturated lipid molecular species with stiffer tails is 1,2-distearoyl-sn-
glycero-3-phosphocholine with 18 carbon atoms in each hydrocarbon chain'®, where as
DPPC is a saturated phospholipid with 16 carbon atoms in each hydrocarbon tail. The
simulations are run over a time interval of 5000t using different values of Kange for
phospholipid species. We expect that higher chain stiffness would lead to a tighter
packing of the molecules at lower tether concentrations, hence resulting in a more
spherical structure. At higher tether concentration the excluded volume of tethers
becomes more prominent and reduces the effect of chain stiffess over the morphology.
Higher excluded volume of tethers hence would result in an ellipsoidal morphology.
These predictions are validated by the results compiled in Figure 3.5.

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
(Xeether) and the molecular stiffness of the phospholipid tails (Kanglc) 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/tmax), and the reduced

107

volume ™’ (v). We summarize our results in phase diagrams, as shown in Figure 3.6.
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Figure 3.5: 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 Kuuge =5, 10, 15, and 20. The angle coefficient of the hairy

lipid hydrocarbon chain was set at Kugie = 0.
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Figure 3.6: 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 Xmer and
Kangle. The phase diagram for the 1yin/Tmas of the self-assembled hairy vesicles with tethers
composed of (c) three beads, (d) six beads as a function of Xiether and Kangie. 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 Xeer and Kangie. Xtether 1S 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. Kungie for the phospholipids is varied from 5 to 20.
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In Figure 3.6 (a) and Figure 3.6 (b) we observe that at lower concentrations of the
hairy lipids, the reduced volume approaches to 1.0 indicating a more spherical
morphology. This result is in concurrence with our observations in Figure 3.6. Similar
trends are observed for ryin/tmax in Figure 3.6(c) and 3.6(d). Our results demonstrate that
equilibrium morphology of binary hairy vesicles is determined by an interplay between
packaging of the molecular species and the excluded volume of the curvature-inducing
species. The shape changes with molecular stiffness are observed to be independent of
tether length.

We estimate line tension using the following equation'®®

A= /5 WUan+Upp) =Uap/ 1, (3.4)
where Uaa, Ugp, Uagp are the pair interaction energies between components A and B and
lmo 1s the lateral size of the lipid molecules. We observe the line tension to decrease with
higher relative concentrations of the hairy lipids. We surmise that this may be because of
the reduced interactions between neighboring hairy lipids due to excluded volume of
tethers. Similar observations were made by an earlier computational study'® for a
bicellar structure composed of a mixture of zwitterionic and PEGylated lipid molecules.

The influence of spatial distribution of species over morphology can be studied by
using conditions that promote macroscopic phase segregation® in the bilayer. We
investigate the phase segregation within the bilayer of a hairy vesicle composed of
phospholipids and hairy lipids in a 1:1 ratio with distinct hydrophobic tail groups. The
distinction in the tail groups is effectively captured by tail-tail interaction parameter ;...

The range of tail-tail interaction parameters used in this study for inducing macroscopic
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phase segregation is 31-50. The simulations are run over a time interval of 1000t. The
simulations are run for 4 different random seeds with same initial conditions.
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 (o) and the average cluster size (B) as
shown in Figure 3.7. In this case a cluster is defined as a domain of hairy lipid molecules
whose head group beads are within interaction range from each other. From our results in
Table 3.5 we observe that there is an accelerated cluster growth when the dissimilarity

between the hydrocarbon chains is high and the tethers are short. We surmise that this is

because of less drag experienced by shorter tethers compared to longer ones.
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Figure 3.7: 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. All the
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simulations start from a completely mixed state. The inter-specie tail-tail soft repulsive

interaction parameter was set at the following values: a,;;; = 31, 32, 35, 38, 41, and 50.

Scaling Scaling

ajj
Exponent  Exponent
(kpT/r,)
" (@) 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
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 o and p 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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From our calculations we find that the area per lipid increases by 30% for hairy
lipid with short hairs and 50% for hairy lipids with long hairs compared to area per
phospholipid calculated to be 1.12 r.> as shown in Table 3.6. This kind of increase has

been previously observed by experimental®® and computational'” studies.

Area Per Hairy  Area Per Hairy
Aup Lipid Molecule Lipid Molecule

(kyT/r.) in the Inner In the Outer
Monolayer (rcz) Monolayer (rcz)

31 1.240.1 1.7+0.1
- 32 1.240.1 1.8+0.1
J.xlg 35 1.3+0.1 1.8+0.2
;ﬂf 38 1.240.1 1.8+0.2
g 41 1.3+0.2 1.840.2
& 50 1.3+0.2 1.8+0.2

31 1.5+0.1 2.0£0.1
h 32 1.4+0.2 1.9+0.1
< 35 1.5+0.1 2.0+0.1
b 38 1.4+0.1 1.9+0.1
g 41 1.540.2 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;.

We characterize shape change by minimum and maximum radius of the vesicle as

shown in Figure 3.8 (e). We observe the transition of shape from spherical to ellipsoidal



29

with increase in distinction between tail groups. Morphological changes of vesicles
composed of various amphiphilic species can be related to interfacial line tension. Figure
3.8 (f) represents line tension measurements performed on particle trajectories beginning
from 10,000t until 15,000t. Each data point has been averaged over time and total
number of beads in the system. The line tension is observed to increase with tether length

and tail dissimilarity and in turn affects the shape of phase segregated vesicle.

Min Rad (Tether Length = 3)
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Figure 3.8: Final configurations of the binary hairy vesicle at time t = 10,000t for
different soft repulsive interaction parameters between the tail groups of the
phospholipids and hairy lipids given by (a) a2 = 31, (b) aiz = 50, and (c) a2 = 31, (d)
ai = 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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3.3.5 Morphology influenced by extrinsic factors

In this section, we explore the effect of confinement over the shape of vesicle. We
characterize shape by measuring the reduced volume (v) of hairy vesicles. The reduced
volume for any structure ranges between 0-1, where 1 indicates spherical morphology.
Our measurements as shown in Figure 3.9 show that vesicles assume a prolate (cigar
shaped), oblate (disk shaped) or bicelle morphology depending on the degree of
confinement. The aggregates tend to form a prolate structure with reduced volume in the
range of 0.7-0.8, when simulations are run with planar distance set at 15r. or 20r, as
shown in Figure 3.2 (c) to Figure 3.2 (e). The reduced volumes obtained for
aforementioned degrees of confinement are similar to that measured in bulk conditions as
shown in Table 3.7.

We repeat the simulations by reducing the planar distance to 10r.. We find that
the vesicle tends to assume oblate morphology as shown in Figure 3.2 (f) — 3.2 (h), with
reduced volume in range of 0.8-0.9, with a slight increase in degree of confinement.

We conclude from this observation that there is a transition from prolate to oblate

morphology with increase in degree of confinement.
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Figure 3.9: 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.

Conc. Reduced X-axis y-axis z-axis
(%) volume (v) (ro) (ro) (ro)
Tether length =3 10 0.76+0.05 162 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+0.06 162 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).



32

We surmise that for cases with very low degree of confinement, the prolate shape
of the vesicle allows the aggregate to maximize is rotational entropy about its principal
axes parallel or perpendicular to planar walls. In case with higher degree of confinement,
the aggregate maximizes its rotational entropy to be able to rotate about its principal axis

perpendicular to the wall by assuming oblate shape. A theoretical study'"

conducted by
Helal et al. via the use of Area Difference Elasticity (ADE) model discussed the shape
transition from prolate to oblate morphology. Our findings for reduced volumes of
prolate morphology are in good agreement with their findings. However, their findings
for oblate vesicles are contrary to our findings. They find that vopiae < 0.65, which is
clearly not our case. 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.
Conc. Surface Enclosed
(%) area (rd) volume (rd)

Tether length = 3 10 690+7 1430+10
Zchanner = 10r¢ 20 69419 1440+20
Tether length = 3 10 730420 1500+40
Zchanner = 15r¢ 20 760430 1530450
Tether length =3 10 800+40 1590160
Zchanner = 20r¢ 20 760+30 1530450
Tether length = 3 10 790+30 1570+60
Without walls 20 780+30 1580450
Tether length = 6 10 700+10 1440+20

Zchannel = 101,
Tether length = 6 10 810+30 1560+60
Zchannel = 15r¢ 20 780+30 155050
Tether length = 6 10 790+40 157050
Zchanner = 20r. 20 750430 1530+50
Tether length =6 10 830+30 1640160

Without walls
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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. Also, they do not include the
thermal fluctuations of the bilayer in their model. Simulations are run again with even
higher degree of confinement with planar distance set at 8r.. These simulations result in a
bicellar morphology with reduced volumes in range of 0.3-0.4, as shown in Figure 3.2 (i)
— 3.2 (k). Along with reduced volume, vesicle morphology can also be characterized by

measurement of principal axes''* of the equilibrated aggregates as shown in Figure 3.10.

Figure 3.10: An image that shows the principal axes (x, y and z) of the self-assembled
binary hairy vesicle with a prolate morphology.

In order to find the principal axes, the algebraic expression of 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
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solving the eigenvalue problem. We measure the principal axes for different relative
concentration of hairy lipids, tether length and degree of confinement. The results for
bulk and confined conditions are tabulated in Table 3.7 and 3.9 respectively. These
observations are consistent with the observations made when reduced volume was
calculated. The vesicle is observed to assume prolate morphology when the distance
between the walls is 15r, and 20r,, oblate shape when the distance between the walls is
10r., bicellar structure when distance between the walls is 8r.. Bicellar structures have

shorter z dimensions and longer x and y dimensions compared to oblate structures.

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

Tether length=3 10 16+1 13+1 2.0£0.1
Zchannel = 8re 15 16+1 1441 2.0£0.1
20 16+1 14+1 2.0£0.1

Tether length=5 10 15+1 13+1 2.1£02
Zchannel = 8re 15 1541 13+1 2.1+02
20 1541 13+1 2.1+£0.1

Tether length=6 10 15+1 13+1 2.1+£0.1
Zchannel = 8re 15 1541 1341 2.1£02
20 1541 13+1 2.1£02

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+0.4 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 4.5+0.2
Zchannel = 15rc 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 10 161 5.3x0.4 4.3+0.1
Zchannel = 15rc 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+0.4 4.4+0.2
20 15+1 5.40.3 4.6+0.2

Tether length=5 10 16+2 5.3:0.4 4.4+0.2
Zchannel = 20rc 15 1612 5.4+0.4 4.4+0.2
20 16+1 5.4+0.4 4.4+0.2

Tether length=6 10 16+1 5.4+0.4 4.4+0.2
Zchannel = 20rc 15 14+1 5.610.2 4.7+0.1
20 14+1 5.5+0.3 4.7+0.2
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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..

We perform interfacial line tension measurements for a hairy vesicle under
confinement. We do not observe any influence of confinement over the measurements.
However, we find a decrease in line tension with increase in relative concentrations of

hairy lipids as shown in Figure 3.11.

9500 - z=8,tether length=3  —#—2z=8,tether length=5
—o—2z=8,tether length=6  ~-2z=10,tether length=3
—-7=10,tether length=5 z=10,tether length=6
—#&—2=15,tether length=3 —<z=15,tether length=5
—+—2z=15,tether length=6 ——2=20,tether length=3
—+=2=20, tether length=5 ——2=20, tether length=6

Line Tension (k,T/r )

7000 \ T T \
10 12 14 16 18 20

Tether concentration (%)

Figure 3.11: 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 end-functionalized lipid molecules via self-assembly, and

identified factors affecting the aggregation dynamics and shape of the equilibrated
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aggregate. We broadly classified the factors as intrinsic and extrinsic factors. The
intrinsic factors we discussed include relative concentration of hairy lipids, tether length,
molecular stiffness, degree of distinction between hydrocarbon tails. We focused on
volumetric confinement being our only extrinsic factor. We calculated the scaling
exponents with respect to number of clusters and average cluster size to characterize the
dynamics of cluster growth at latter times of self-assembly. We have demonstrated that
higher tether length and relative concentration of hairy lipids decelerates the cluster
growth in bulk conditions. In confined conditions, it was found that higher degree of
confinement promotes cluster growth and under such circumstances less effect is
observed due to intrinsic factors like tether length and relative concentration of hairy
lipids. We demonstrate that the disproportionate distribution of the hairy lipid molecules
across the monolayers is due to the excluded volume of the tethers, which is in good

31,33

agreement with theoretical and experimental results’ ~°. We concluded that shape of

vesicle in bulk conditions depends upon the interplay between packing of species and
excluded volume of tethers. A good agreement with experimental studies®*'*'* was
achieved in this regard. We demonstrated the transition of shape from prolate to oblate to
bicellar structure with increase in degree of confinement. These observations are in good
agreement with theoretical investigations that demonstrate formation of oblate vesicles

from prolate vesicles at high degree of confinement'''.
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Chapter 4 Interactions of Bald and Hairy Vesicles with Nanoparticles

The publications relevant to details of the discussions provided in this section:
* Aydin, F., Uppaladadium, G., Dutt, M., Harnessing Steric Hindrance to Control
Interfacial Adsorption of Patchy Nanoparticles onto Hairy Vesicles 141, 458-466.
¢ Uppaladadium, G., Aydin, F., Dutt, M., Modeling interactions between charged
nanoparticles and multi-component vesicles. In preparation.
Contributions to this work:

* Running the simulations
* Performing the analysis and visualization of the system
*  Writing a manuscript under preparation

4.1 General Overview

The interaction of nanoparticles (NPs) with specific binding sites with
macromolecules is a topic of interest as these nanoparticles through adsorption, are
capable of affecting the morphology of liposomes which are promising drug delivery

115

vehicles °. The surfaces of liposomes employed for therapeutic purposes are designed in

a way so as to reduce adsorption of certain proteins called opsonins, which make the

16120 Ispired from the cell

liposome more vulnerable to phagocytosis by macrophages.
membranes, certain polymer chains can be grafted on to liposome surface to mitigate
protein adsorption on to the surface.'” Grafting of polymer chains onto the surface also

serves to increase the circulation time and steric stability”*>® of the vehicle. PEG is a

widely used polymer chain for this purpose and experimental studies in the past have
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been conducted in order to understand the interactions between PEGylated vesicles and
plasma proteins like fibrinogen, hemoglobin and cytochrome c.'”''* An attempt has
been made to understand the factors affecting and the mechanisms of interaction between
functionalized NPs and vesicles through a computational study. An MD-based
mesoscopic simulation technique entitled Dissipative Particle Dynamics (DPD)>*!755%1
has been used for this purpose. In this chapter we investigate interactions of
functionalized NPs with bald and hairy vesicles respectively. We investigate how
adsorption of these NPs affects the morphology of a bald vesicle and the role of length

and grafting density of tethers emanating from the vesicle and size of the NPs affect the

adsorption process.
4.2 Adsorption of functionalized NPs onto bald vesicle surface

4.2.1 Modeling and system setup

System consists of a three lipid species and patchy NP’s as shown in Figure 4.1.

AOg W

Phospholipid 1 Phospholipid2  Phospholipid 3

Nanoparticle
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Figure 4.1: Coarse-grained structure of individual species present in the bald vesicle-NP
System

The liposomes are composed of three different species of phospholipids in 1:1:1
ratio. We begin with a pre-assembled liposome, which is equilibrated in a simulation of
box with 40r, X 40r. X 40r. as its dimensions over a time interval of 30,000 t. The
simulation box has a bead density of 3, as a result of which the box contains 192,000
beads. The simulation box has periodic boundaries along the co-ordinate axes and houses
a total of 1178 phospholipid molecules. Eight NPs are introduced into the simulation box
beyond the interaction range of the liposome surface. The bead capacity of the simulation
box is always conserved by replacing the corresponding amount of solvent beads with NP
beads when a NP is introduced. The NPs are hollow spheres composed of 312
hydrophilic beads with different patch sizes. The distance between the centers of
neighboring beads of the NP is set to 0.5 rc. We investigate the interaction between NPs
and liposomes for the following patch sizes of NPs: (i) 10% of the NP surface, (ii) 30%
of the NP surface, (iii) 50% of the NP surface.

The soft repulsive interaction parameters between different moieties of the system

are given in Table 4.1.

a;j(kgT/r;) | Head | Tail Head | Tail Head | Tail NP Patch | Solvent

1 1 2 2 3 3

Head 1 25 100 50 100 50 100 25 25 25

Tail 1 100 25 100 25 100 25 100 100 100

Head 2 50 100 25 100 50 100 25 5 25
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Tail 2 100 25 100 25 100 25 100 100 100

Head 3 50 100 50 100 25 100 25 25 25

Tail 3 100 25 100 25 100 25 100 100 100
NP 25 100 25 100 25 100 50 50 25
Patch 25 100 5 100 25 100 50 50 25

Solvent 25 100 25 100 25 100 25 25 25

Table 4.1: Soft repulsive interaction parameters, a; between moieties of the system where

i’ represents the species in the columns and j’ represents the species in the rows.
Favorable enthalpic interactions take place between patch and one of the

phospholipid head groups. The repulsion between the NPs can represent the electrostatic

repulsion between identically charged NPs.

4.2.2 Results and Discussions

4.2.2.1 Mechanism of Adsorption

8 NPs with patch covering 10% of the surface are placed at random positions in
the simulation box containing an equilibrated liposome. The initial system configuration
is show in Figure 4.2. We find from our results that, the adsorption depends on: (1)
orientation of NPs with respect to the liposome, (2) availability of preferred phospholipid
head groups on surface of the liposome, (3) whether the NP patch and the phospholipid
head groups to which the patch is attracted to, are in interaction range. The NPs are found
to diffuse in the solvent until a patch comes into the interaction range of the preferable
phospholipid head group. A pair of beads is considered to be in interacting range if the

center-to-center distance is less than the interaction cut-off distance (r;=1). The highly
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favorable enthalpic interactions between NP patch and preferable head group leads to

adsorption onto the liposome surface.

Figure 4.2: Initial configuration of the bald vesicle-NP system

We examine the time evolution of the number of interactions for different patch
sizes of NPs and multiple seeds. The continuous increase in the number of NP patch and
head beads interactions after initial contact of NP patch with phospholipid head group
suggests that the adsorption on to the liposome surface is permanent. Following the initial
interaction, there is a steep increase in the number of interactions between the patch and
the phospholipid head groups. The number of interactions subsequently reaches a steady-
state indicating the completion of adsorption of all NPs. From Figure 4.3, it can be
observed that all runs do not reach the steady-state at the same time. We repeat the

experiment with patch size of 30% and 50%.
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Figure 4.3: Increase of number of contacts with time until 40000 t between liposome and

NPs with patch size a) 10%, b) 30%, c) 50%.

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 patch
during a time interval spanning 10,000t. For this measurement, we measure the
interactions between the phospholipid head groups and the NP patch at time intervals of
50t. The residence time distribution is obtained by binning the number of phospholipid
molecules based with a given residence time. For these measurements we use NPs with
10%, 30%, 50% patch size as respectively shown in Figure 4.4. 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
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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 time distribution shifting towards the
right. We infer that a large patch results in a smaller number of phospholipids that are
free to diffuse in the bilayer, and can contribute to the population of phospholipids
interacting with the patch but are in flux. 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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Figure 4.4: Residence time measurements of NPs with patch sizes of (a) 10%, (b) 30%,

(c) 50% following their adsorption on to the phospholipid head groups.

4.2.2.2 Effect of Adsorption on morphology of bald vesicle

We have also examined the deformations induced by the NPs over the liposomes
during the adsorption process. In order to do this, we assume the final shape of the
liposome post-adsorption to be an ellipsoid. We then measure the highest distance along
which the ellipsoid is spread along X, y, z axes. We run simulations for 10%, 30%, 50%
patch sizes, and the results obtained are averaged over 4 random seeds and tabulated in

Table 4.2.

Patch size 10% Patch size 30% Patch size 50%

Xmax Ymax Zmax Xmax Ymax Zmax Xmax Ymax Zmax

Ellipsoi | 8.9+0. | 8.4+0. | 7.3+0. | 10.8+1. | 7.840. | 6.6+0. | 11.2+1. | 9.8+1. | 6.2+1.

dradii |2 1 1 0 3 6 3 2 1

Table 4.2: A comparison of the dimensions of the liposomes for different patch sizes of

NPs at end of simulation.
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From the above results a transformation of shape from a spherical form to a more
ellipsoidal form can be observed with increase in the patch size of the NPs. Wang et al.,

observed that adsorption of NPs leads to surface reconstruction of liposomes by changing

124

the orientation of lipid head groups with respect to the tails. ™ The pictorial

representation of their observations is as shown in Fig 4.5.

Figure 4.5: Binding of nanoparticles to the liposome surface causes reorientation of the

lipid head groups reducing the area per lipid of the molecule.

We observe formation of hydrophilic domains at the site of NP adsorption. This is
observed because the reorientation of lipid head groups at the site of adsorption causes
decrease in area per lipid of the lipid molecules present there. This indicates that NP
templates a gel phase at the site of adsorption. This difference of area per lipid of
molecules at the site of adsorption and rest of the liposome surface causes deformation of

the liposome.
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4.3 Effect of grafted tethers on Adsorption

4.3.1 System description

The system is consists of a stable hairy vesicle composed of phospholipid and
hairy lipid molecules’, and patchy NPs in a hydrophilic solvent. Individual phospholipid
molecules are represented by bead spring models, and consist a hydrophilic head group
with three beads and two hydrophobic hydrocarbon tails consisting of three beads each.
The tethers grafted to the head group of one of the phospholipid molecules are modeled
by three and six hydrophilic beads, corresponding to short and long tethers respectively.
Oligo ethylene glycol (OEG) chains with a degree of polymerization of 6 and 12 serve as
good experimental examples. In fact, previously experimental studies'” have been
carried out using OEG grafted lipid systems with OEG chains having average molecular
of 350 and 750 g/mol.

The nanoparticles employed in this system are hydrophilic hollow spheres
composed of 312 beads with patch covering 20% of the surface as shown in Figure 4.6.
Experimental examples can be proteins, drug molecules or metallic NPs with functional
chains grafted to their surface'”'. The complex topography and asymmetric charge

126 Different sizes of NPs are used

distribution is modeled into a patchy spherical NP
which respectively correspond to 50%, 100%,150% of the length of long tethers. The

have the following radii: 0.75r, (small NP), 1.50r, (medium NP), 2.25r, (large NP).

Figure 4.6: Spherical patchy NP with a radius of 2.25r.
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The hairy vesicles are composed of phospholipids and hairy lipids™* in a 1:1 ratio.
We begin with a pre-assembled liposome which is equilibrated in a simulation of box
with 40rc X 40rc X 40rc as its dimensions over a time interval of 10,000 t. The
simulation box has a bead density of 3, as a result of which the box contains 192,000
beads. The simulation box has periodic boundaries along the co-ordinate axes and houses
a total of 1178 phospholipid molecules. We examine hairy lipids with short and long
tethers. The hairy vesicle measures nearly 7r. in radius excluding the tethers. NPs are
introduced into the simulation box beyond the interaction range of the liposome surface.
The bead capacity of the simulation box is always conserved by replacing the
corresponding amount of solvent beads with NP beads when a NP is introduced. The
simulations are run until all the NPs are interfacially adsorbed on to the vesicle. The
characterization for each system uses particle trajectories from four simulations which
have identical initial conditions but different random seeds. We examine two different
scenarios, classified based on the moiety NP patch has favorable interactions with. First
scenario being, where NP patch has favorable enthalpic interactions with phospholipid
head groups.'” In this scenario we investigate for both tether lengths. The second
scenario being, where NP patch has favorable enthalpic interactions with tethers. In this

part, we focus on longer tether length which is of more experimental relevance.”*?'?

4.3.2 NP patch- Phospholipid head group interaction driven adsorption

Initially, a hairy vesicle along with 4 large NPs placed outside the interaction
range of the vesicle at random locations, is placed in the simulation box. The initial

configuration of the system, for both short and long tethers grafted on to the phospholipid
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head group of the vesicle is as shown in Figure 4.7 (a) and 4.7 (b). Factors affecting the
adsorption process are:
(1) Deterrence offered by tethers to the approaching NPs.
(i1) Orientation of the NPs in a way that the patch faces the phospholipid head
group.
(iii))  Presence of NP patch within the interaction range of the phospholipid head
group.

The contact of NP patch with phospholipid head group due to its highly
favorable enthalpic interaction is termed as adsorption. From our results, it is observed
that NPs diffuse in solvent until they bypass the tethers and fall within the interaction
range of the phospholipid head group. This holds good for hairy vesicle irrespective of

the tether length as shown in Figure 4.7 (¢) and 4.7 (d).

Figure 4.7: 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
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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 = 160,000r.

When the number of interactions between the NPs and long tethers were captured as a
function of time, it was observed that NPs are constantly hitting the hairy vesicle surface
and are quite often pushed away by the tethers as they are diffusing in the solvent. The
number of interactions between NPs and tethers as a function of time is shown in Figure

4.8.
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Figure 4.8: 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.
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High tether density promotes steric stabilization and hinders interfacial adsorption
due to high conformational entropy.” Hence, the NPs and phospholipid head groups reach
close proximity in areas with low tether density. Some NPs are observed to bypass the
tethers as shown in Figure 4.9 (a) and 4.9 (b). Once the NPs have a close proximity with
the phospholipid head group, the NPs are observed to re-orient themselves such that the
patch faces and comes within the interaction range of the nearest phospholipid head
group as shown in Figure 4.9 (c). Subsequently, the first interaction occurs as shown in
Figure 4.9 (d). The first interaction activates the subsequent adsorption of NPs onto the
vesicle surface as shown in Figure 4.9 (e) and 4.9 (f). This is justified by the steep
increase in the number of interactions post first interaction until the number of
interactions reach a steady value as shown in Figure 4.9 (g). Each NP patch is found to be
interacting with 6-8 phospholipid molecules. The NPs are found to be mobile on the
vesicle surface with constant change in the phospholipid molecules interacting with the
patch. However, the number of phospholipid molecules interacting is found to remain

nearly constant once the number of interactions, reach a steady value.
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Figure 4.9: 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.

We expect long intervals of time between the adsorption of two individual NPs.
This is because of higher steric hindrance exerted by the tethers on approaching NPs due
to their larger excluded volume. It is observed that adsorption is quicker onto vesicles

with shorter tethers compared to those of longer tethers as shown in Figure 4.10.
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Figure 4.10: 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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The same study is repeated with 8 and 12 NPs. It is observed that the increase in

NPs leads to decrease in adsorption time per NP as shown in Figure 4.11.
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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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Unfavorable enthalpic interactions between the NPs, pushing the NPs towards the
vesicle surface could be a convincing explanation for the above phenomena, since this
would accelerate the adsorption of NPs onto the vesicle surface.

To study the role of tether concentration on the adsorption time of NPs, we
measure the number of NPs adsorbed in a time interval of 30,000t for a range of relative
concentration of the hairy lipids spanning 10% to 50%. 12 NPs and vesicles with short
and long tethers are used for this purpose. We observe that small NPs do not get adsorbed
on to the vesicle surface with long tethers irrespective of the tether concentration. For
NPs with larger sizes, the number of adsorbed NPs decrease linearly with increase in the
relative concentration of long tethers, as shown in Figure 4.12. Similar trends are found
for the small and medium sized NPs adsorbing on to vesicles grafted with short tethers.

14
A NP radius = 2.25r_ (long tether)

e NP radius = 1.50r (long tether)
12 ~ ® NP radius = 1.50r_(short tether)
A * NPradius = 0.75r_(short tether)

10

Number of NPs adsorbed

0.1 0.2 0.3 0.4 0.5
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Figure 4.12: 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
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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.

197

These observations are in good agreement with previous theoretical’’ and

experimental results””’

, that report a linear decrease in the adsorption of proteins on a
gold surface grafted with oligomeric polyethylene oxide chains owing to their high
entropic repulsions. The difference in the number of adsorbed NPs is small when the size
of the NPs is comparable to the length of the tethers. There is no adsorption when the size
of the NPs is smaller than the tether length. These observations agree with studies that
show that 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 conduct residence time measurements for this system. For these measurements we
use 4, 8 and 12 large NPs and hairy vesicles with short and long tethers as shown in
Figure 4.13. The molecules are found to interact with patch for a short interval of time
before diffusing away. This behavior is captured by a large number of phospholipid
molecules having short residence times. The residence time distribution is observed to
shift to the right with increase in the number of NPs because of smaller number of
phospholipids that are free to diffuse in the vesicle. 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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Figure 4.13: 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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4.3.3 NP patch- Tether interaction driven adsorption

These studies have been carried on a hairy vesicle - NP system with long and
short tethers. 4, 8 and 12 NPs have been used. In this case, all interaction parameters are
as in Table 4.1 expect for that interaction parameter between patch and head?2 is set at
aph2= 25 and that between patch and tether is set at a,7= 5.

The observations made are similar to those made in the case of adsorption driven
by NP patch- phospholipid head group interaction. The NPs are found to diffuse in the
solvent until they fall within the interaction range of the tethers. The adsorption of NP on
to the tethers is activated by the first interaction with a tether. Post interactions, the NP
reorients itself such that the number of interactions with the tethers increases and reaches
a steady value. All these observations are shown in Figure 4.14. The NPs are observed to

diffuse over the vesicle surface post adsorption onto the tethers.

140

120

100
(d)

80

60 (c)

Number of interactions

40

NNNNNNNNNNNNN



58

Figure 4.14: Images of the capture of single NP by tethers of hairy vesicle composed of
long tethers at (a) t = 957, (b) t = 1257, (¢) 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.

The time evolution of the interaction count between the patch and tethers, for
different number of NPs is as shown in Figure 4.15. The contrast between the head-patch
and patch-tether interaction plots is that the discrete increase is the interaction count is
missing in the latter. Due to lack of steric hindrance, the time required for adsorption of
all NPs onto tethers is shorter than the time required for adsorption of NPs onto the

phospholipid head groups.
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Figure 4.15: 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.

We conduct residence time studies for this system with patch-tether interactions
over a time interval of 10,000t for 4, 8, 12 large NPs introduced into the solvent at
random locations simultaneously. Interactions are tracked at intervals of 50t. To
understand the difference in behavior of the NPs adsorbed onto phospholipid head groups
and tethers, we compare the residence time distributions of both the systems. The
comparative residence time measurements for systems with favorable interactions of
patch with phospholipid head group with short tethers and patch with long tethers are
shown in Figure 4.16. We observe that the interactions between patch and tethers are
primarily short termed. We believe that the conformational entropy of the tethers impacts
the duration of interaction. Also, the NPs adsorbed onto the head groups experience high
obstruction from the tethers with high excluded volume hindering their lateral diffusion
on the vesicle surface, which as a result increases the duration of their interaction with the
head groups. Previous experiments have already demonstrated a decrease in lateral
diffusion of adsorbed proteins on a liposome surface grafted with PEG chains due to the

obstruction caused by tethers.'?
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Figure 4.16: 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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4.4 Chapter Conclusions

In this chapter, we have studied the interfacial adsorption of NPs over bald
macromolecules and sterically stabilized vesicles. We have demonstrated that adsorption
of NPs onto vesicle surface without grafted tethers is permanent. Our results also
demonstrate that the vesicle morphology varies from spherical to ellipsoidal with increase
in the patch size. Our observations are in good agreement with experimental studies'**
which demonstrate surface reconstruction occurring due to reorientation of phospholipid
molecules.

We have identified that NP size relative to tether length, relative concentration of
hairy lipids, relative affinity of patch towards tethers and phospholipid head group
influence the adsorption characteristics of the NPs. The NPs are found to adsorb less on
the surface of vesicle with higher relative tether concentration. This observation is in
good agreement with previous theoretical and experimental studies.””” Our residence
time measurements indicate the NPs to be laterally diffusing over the vesicle surface and
being obstructed by presence of tethers. This is in a good agreement with experimental

123
results.
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Chapter S Conclusions

Investigations on bio-inspired macromolecules were carried out querying the role
of intrinsic and extrinsic factors on the organization, stiffness, shape and stability of the
vesicles. Investigations were also carried out to understand the interactions of vesicles
with functionalized nanoparticles. For this purpose, we used DPD to capture the
hydrodynamic effects of the system. DPD enabled us to resolve the dynamics over a large
length and time scales.

In chapter 3, we developed coarse-grained models for vesicle constituents. We
investigated the self-assembly dynamics of the amphiphilic species and concluded that
greater tether lengths and greater relative concentration of hairy lipids in the system
decelerates the cluster growth. We studied the effect of intrinsic properties like tail
stiffness, tether length and relative tether concentration, dissimilarity between species on
the morphology of the vesicle. We demonstrated that increased dissimilarity between the
phospholipid tail groups leads to domain formation and macroscopic phase segregation
over the surface. We found our results to be in good agreement with various theoretical
and experimental results. We also studied the effect of extrinsic factors like volumetric
confinement on the morphology of interfacially stable hairy vesicles. We demonstrated
the shape transition from prolate to oblate to bicellar structures with increasing degree of
confinement. We found these observations to be in good agreement with previous
theoretical investigations.

In chapter 4, we demonstrated that adsorption of NPs onto bald vesicles is

permanent. We also concluded that higher patch sizes induces reorganization of vesicle
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constituents causing morphological changes from spherical to ellipsoidal morphology.
This is in good agreement with previous experimental results. We also demonstrated that
relative concentration of hairy lipids, NP size relative to tether length to affect the
adsorption of NPs onto phospholipid heads groups and tethers on a hairy vesicle
respectively. We found the amount of NPs absorbed to reduce with decrease in NP size
with respect to tether length. The same is observed when the relative concentration of
hairy lipids increases, which is in good agreement with experimental and theoretical
studies. We observed that NPs laterally diffuse over the surface post adsorption ad their
lateral diffusion is obstructed by tethers.

On a final note, this thesis is focused on understanding the affect of intrinsic and
extrinsic properties on structural, morphological characteristics and interfacial stability of

biomacromolecules and their interactions with NPs over large length and time scales.
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