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THESIS ABSTRACT
Understanding the Aggregation Mechanism of Ligand Coated Gold Nanoparticles in Lipid
Bilayers
by JAHMAL ENNIS

Thesis Directors:

Dr. Grace Brannigan and Dr. Julie Griepenburg

Gold nanoparticle aggregation is a phenomenon observed across many disciplines. We are partic-
ularly interested in the controlled aggregation of gold nanoparticles in lipid bilayers. While there
has been much work done to understand the mechanism of penetration of gold nanoparticles and
interactions of charged gold nanoparticle surface ligands with membranes, the mechanism of gold
nanoparticle aggregation is not fully understood. A better understanding of the mechanism of gold
nanoparticle aggregation can improve many fields including, but not limited to, targeted drug de-
livery. We use Coarse Grained Molecular Dynamics to study the mechanism of gold nanoparticle
aggregation in various membrane compositions. Our results suggest that both membrane defor-
mation and microscopic lipid deformation lead to aggregation, while ligand chain entropy acts as

a balance to reduce aggregation and structure gold nanoparticle’s.
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1 Introduction

1.1 Targeted Drug Delivery

Approaches to increasing control of drug release, timing, and dosage, targeted drug delivery
(TDD), have been in development since the early 1970's. A number of targeted drug delivery
carriers are actively under study including ceramic nanoparticles [1], dendrimer nanocomposites
[2], nanogels [3], polymersomes [4], and liposomes [5]. However, not all TDD methods are equal
and some are more promising than others, because of their robustness and tunablility. Vesicles
composed of amphiphilic chained building blocks, liposomes and polymersomes, are some the
most well-studied and promising drug carriers [6].

1.2 Vesicles as Targeted Drug Carriers

Liposomes and polymersomes are vesicles composed of lipids or diblock co-polymers, am-
phiphilic units that form bilayers, shown in Fig. 1.1. Partitioning of small molecules into lipid
or polymer vesicles depends on the intermolecular interactions in the bilayer. The intrinsic prop-
erties of each amphipilic unit in uences vesicle size, shape, charge, uidity and exibility. Vesicle
properties can potentially constrain small molecule loading into the vesicle. Modi cation of the
amphipilic unit enables a variety of small molecules to be entrapped, making liposomes and poly-
mersomes worth further study [7].

Figure 1.1: Graphic of liposome and Polymersome Graphical representation the structure of lipo-
somes and polymersome vesicles and their building blocks

While small molecule loading is of great interest to the TDD eld, controlled release is of even
greater signi cance and is a primary effort of researches in the TDD eld. Liposomes are composed
of a diverse set of highly biocompatible lipid building blocks. Lipid diversity gives rise to a number
of membrane compositions and a variety of possible rupture mechanisms. For example, liposomes
constructed with phosphatidylethanolamine head groups degrade at low pH due to the protona-
tion of the carbonyl group causes the bilayer to go through a phase transition, releasing its contents
[8]. However, liposomes tend to be leaky, their stability varies depending on lipid properties such
as head group charge and lipid tail length [9]. Polymersomes are a thicker, synthetic analog to li-
posomes, forming more stable and less permeable membranes, but their membrane properties are



less well studied than their liposome counterpart [9].

Vesicles are stable over long time periods but eventually passively degrade, allowing drugs to
diffuse out. While passive deliver methods work, current TDD approaches are focused on active
drug delivery, where vesicle disruption can be controlled by stimuli. One such vesicle is the lipid-
gold nanoparticle hybrid vesicle which can be excited by irradiation.

1.3 Light Triggered Lipid-GNP vesicles

Light is a unique stimulus because it is a non-invasive rupture trigger, and contains a range of
wavelengths capable of producing varied vesicle response [10]. Near Infrared (NIR) irradiation of
light sensitive lipid vesicles has been shown to increase membrane permeability by photothermal
heating [11]. Drug release using photothermal heating is on the order of minutes to hours; faster
release is achieved by femtosecond pulsed irradiation, inducing nanosecond scale vesicle rupture.
This has been shown in polymer-nanoparticle hybrid vesicles, rupturing on the order of nanosec-
onds [12]. Vesicle response is mediated by gold nanopatrticle excitation with light stimuli, which
depends on gold nanoparticle (GNP) composition such as size, shape, medium and aggregation. In
the present study, we are interested in the mechanism controlling aggregate formation and stability.
Experimental studies show that GNPs extensively aggregate in lipid-GNP hybrid vesicles (Fig. 1.2)
but the mechanisms of GNP aggregation are not fully understood [13].

Figures/GNPagg.pdf

Figure 1.2: Gold nanopatrticle aggregation in lipid membranes. A and B are cryo-em images of
vesicles with GNP's aggregated to half of the phosphatidylcholine vesicle. C is a schematic of
membrane deformation from nanopatrticle entry into the bilayer and the unzipping of the lipid
bilayer to accommodate aggregation. [13]

1.4 Nanoparticles Interactions with Lipid Membranes

To discuss nanoparticle aggregation, we must rst understand the interactions of individual
nanoparticles with the a bilayer. Alkanethiol coated nanoparticles are hydrophobic and readily
partition bilayer lea ets. The incorporation of the nanoparticles lowers the overall free energy of
the system, but increases the bilayer free energy. In the lowest free energy state, the lipids in lamel-
lar bilayers are in contact and the bilayers are at, as shown in Fig 1.2 C. Nanopatrticles introduce



membrane deformations by bending the membrane or by disrupting the crystalline order of the
individual lipids (Fig. 1.3). These two types of deformations can potentially cause an increase in
the bilayer free energy. When multiple nanopatrticles enter the bilayer, the free energy of the bilayer
minimizes to the lowest energy con guration (the state which minimizes deformations).

Figure 1.3: Interactions between membrane and GNP  Graphical representation of the two inter-
actions of gold nanoparticles that increase membrane free energy.

1.5 GNP Aggregation

GNP aggregation changes the optical properties of nanopatrticles by shifting the localized sur-
face plasmon resonance (LSPR) absorbance peak. LSPR is a phenomenon that arises from the os-
cillation of free electrons on the nanoparticle surface. These electron oscillations are strongest at
frequencies matching the frequency of the incident photon used to excite the gold surface electrons.
Aggregation affects nanoparticle spectral response by changing dipole-dipole interactions, result-
ing in multipoles [14]. The change in GNP optical properties can be advantagous in applications,
including colormetric detection and dark eld imaging [15-17].

Nanoparticle aggregation has been widely observed across a number of systems. Aggregation
is a phenomenon which arises from minimizing the free energy of a system. Experimental studies
have shown aggregation dependence on lipid acyl chain saturation, nanopatrticle size, and solvent
type [18, 19]. However, studying nanoparticle aggregation in lipid membranes is challenging, be-
cause getting high resolution images of liquids at the molecular level is dif cult. To circumvent this,
techniques such as cryo-em are used to observe the membrane. These techniques come with the
draw back of losing dynamic information. Therefore, computation is used as a tool to understand
the dynamics of aggregation at high resolution. Computational studies of hanopatrticles are useful
tools for observing aggregation phenomena occurring in real time. Computational studies of ag-
gregation have observed changes in aggregate shape based on nanoparticle size, long range NP-NP
interaction from membrane bending, and short ranged ligand repulsion in solution [20-22]. The
conditions in which nanoparticles are studied vary, affecting the types of observed aggregation.



1.6 Mechanism of GNP Aggregation

To understand the impact of membrane deformations caused by nanoparticle inclusions, we
employ Membrane Elastic Theory. Membrane Elastic Theory describes the membrane as a de-
formable elastic surface,with a free energy cost for bending and stretching the sheet [23]. The
bending free energy is then quanti ed using the Helfrich-Canham Theory. A simpli ed version of
the Hamiltonian is provided below[24]:

fo= 2k(H cg)?+ kK (1.2)

Where k is the bending modulus, H is mean curvature, ¢ is the spontaneous curvature, K is the
gaussian curvature, and k'is the saddle-splay modulus. This model has been extended to describe
thickness deformations in lipid bilayers [25].

Deformations are penalized by a free energy increase corresponding to increased membrane
curvature. Alkanethiol coated nanoparticles embed into the hydrophobic region of the membrane
causing the membrane to unzip and bend around the nanoparticles. Lipids at body tempera-
ture are uid and are capable of reorienting themselves into con gurations with lower bending
energy. Therefore, nanoparticles will spontaneously arrange themselves in conformations to re-
duce the overall membrane bending energy. A recent study showed a size dependent interaction
mechanism between spherical GNPs, where increased membrane deformation results in increased
aggregation[18].

While continuum elastic theory is useful for modelling the properties of the lipid membrane, it
only captures the dominant interactions of the membrane. We can understand a great deal about
the energetics of a membrane from modelling the stretching and bending using hooke's law. How-
ever, not every interaction can be derived using a simple spring model. Complex uids are con-
stantly moving and uctuating at the individual molecule level. Therefore, we must also consider
the properties of the individual molecule such as exibility or preferred orientation in the medium.
The properties of the lipids themselves may dictate both global and local phenomena in the bilayer.

Lipid bilayers can also be studied as smectic phase liquid crystals and nanoparticles as colloids
that deform the crystal structure of the membrane. A liquid crystal is a state of matter between a
crystalline solid state and a liquid state. Membranes are ordered and lamellar, giving them unique
anisotropic properties. Lipid membranes are relatively weak liquid crystals and easily deform with
the application of electric or magnetic elds [26, 27]. Deformations in liquid crystals are quanti ed
by their disorder in the liquid crystal. To understand the disorder in a liquid crystal we must rst
de ne order.

There are three parameters to identify order in a liquid crystal: orientational order, positional
order and bond order. Liquid crystals have a preferred orientation along and the axis aligned
with the normal of the molecular surface, called the director. The more closely aligned a molecule
is with the director, the more ordered the material[28]. Disinclinations, disruptions of the liquid
crystal structure, are given an energetic penalty. Nanoparticles cause disinclinations in the order
of liquid crystals by rotating the lipids away from the director and bending the acyl chains of the
lipid. To reduce the disinclinations, nanoparticles aggregate into an ordered state.

In solution, bare GNPs have the tendency to aggregate into irregular clusters, changing their
properties (such as their LSPR) [29, 30]. To stabilize small gold nanoparticles, a monolayer of
alkanethiols are added to the surface of the nanoparticle. Alkanethiols limit GNP aggregation
by maximizing ligand chain entropy [21]. Ligands are exible polymers that uctuate, leading to
a number of ligand conformations. The number of conformations a ligand can take is the ligand
chain entropy. Ligands prefer the state with the highest entropy, by restricting the number of con-
formations, the ligand chain entropy is reduced. As nanoparticles aggregate, the ligands come into
close contact, which reduces the number of con gurations the ligand can take and destabilizes the
aggregate.

Decreasing ligand chain entropy inhibits clustering by restricting the number of ligand states
and reducing the conformational entropy. This results in a balancing between the aggregated state
and non-aggregated states. We observe this effect as the metallic nanoparticles forming two dimen-



sional hexagonal lattice structures [30]. The lengths of the ligand chains can be modi ed, changing
the aggregate structure of the nanopatrticles. Platinum nanopatrticles with long dodecane or hexade-
cane ligands have been shown to even crystallize on metal surfaces [31]. Aggregates formed with
octanethiol ligands were less stable and more uid. The stabilizing effect of alkanethiols is known
to diminish with increasing GNP size. Large nanopatrticles (over 10 nanometers in diameter) tend
to coagulate resulting in unstructured masses of nanopatrticles. In systems with large nanoparticles,
ligand conformational entropy cannot fully stabilize the lattice, resulting in the attractive van der
waals forces becoming the dominate force [31].

Figure 1.4: Graphical Hypothesis for the mechanism of GNP aggregation.  Two possible mecha-
nism which may increase aggregation in lipid membranes. Elastic deformations consider the mem-
brane as a surface and do not distinguish the exibility of the lipid tails. Lipids in this framework
can be thought of as stiff rods that move together in a elastic sheet. In the microscopic deformation
model lipids are exible chains that easily conform to the nanoparticle surface and can be thought
of as exible polymers. Ligands are exible polymers, con ning their volume reduces the avail-
abile con gurations.

1.7 Research Approach

The mechanism of nanoparticle aggregation in lipid membranes has yet to be fully studied.
In this work we attempt to build a framework for the mechanism of GNP aggregation based on
the current understanding of aggregation in lipid membranes using Membrane Elastic Theory, the
Theory of Liquid Crystals, and our understanding of conformational entropy. We are particularly
interested in the relative contributions of macroscopic elastic effects versus microscopic packing
effects which can inform efforts to control aggregation 1.4. We approach the question using Coarse
Grain Molecular Dynamics (CG-MD), adjusting four membrane traits: nanoparticle concentration,
nanopatrticle size, lipid length, and ligand length. We hypothesize that the mechanism of GNP ag-
gregation is a combination of membrane deformation and microscopic lipid deformation balanced
by the entropic penalty of the ligands.



2 Methods

2.1 GNP Construction

The coarse grained model of a gold nanoparticle was constructed from an atomistic structure
using the charmm-gui nanomaterial modeller. We then coarse grained the structure using the gmx
traj tool from gromacs[32]. The ligands and gold core were parameterized following table 2.1 [33].

Table 2.1: Parameters for Gold Nanoparticle

H NonBonded Bonded Angles H
Building Block  Type Building Block Ro Kbond Building Block q Kangle
AU Qa S{CH3)4 445 1250 S (CH2)s (CHaz), 180 25
S NO (CHz)s (CHz)s 470 1250 (CH)s (CHz)s (CHz)4 180 25
(CH2)4 C1

A distance based elastic network was applied to the gold nanoparticle core. We partitioned the
molecules into three distinct layers and bound them based to their closest neighbors. The layered
bonding scheme is represented in gure 2.1.

Figure 2.1: Gold Nanoparticle Elastic Network.  Image of the three part elastic network con-
structed to hold AU beads in place. Red is the inner layer, blue is the middle layer, and grey is the
outer layer. The full construction is seen in the nal image.

2.2 System Setup

We added GNP's to systems with varied membrane compositions. The MARTINI "insane.py”
script, normally used for embedding protein inclusions in membranes, was used to embed the
nanoparticles in phospholipid bilayers. Lipids were then added or removed from the system to
hold concentrations steady and relieve steric clash between lipids and ligand around the nanopar-
ticles. We developed a series of systems holding all parts of the system constant except for a single
variable. Systems were constructed in a 40nmx40nmx30nm box, box size varied slightly depending
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