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Abstract

This thesis employs computational molecular modelling techniques to explore the
physicochemical interactions occurring at the interface between gold nanomaterials and
their biological coatings in order to better understand, predict, and ultimately design the
properties of novel biomedical devices. In direct collaboration with experimental research,
atomistic classical molecular dynamics (MD) simulations are used to investigate ligand
conformational behaviour, reveal structure-property relationships, and guide the effective

engineering of three distinct functionalised gold nanomaterial systems.

A general introduction is given in Chapter 1 to provide a background into the appeal of gold
nanomaterials for biological applications, including an outline of the unique size-dependent
properties these fascinating materials possess and examples of how nanogold-based devices
are revolutionising diagnostic methods and the treatment of disease. In the subsequent
Chapter 2, the current successes and challenges associated with multiscale computational
strategies for simulating Au-bio systems, from electronic structure calculations to force
field methods, are given to illustrate links between different approaches and their
relationship to experiment and applications. In Chapter 3, a methodological overview of
physics-based computational techniques is presented, focusing on gold interfacial all-atom

classical MD due to its application in this thesis.

Chapter 4 utilises MD to clarify the conformations adopted by different peptide-monolayers
on Au(111) surfaces and explores how these relate to the experimental efficacy of an in vitro
diagnostic approach, which identifies and quantifies the presence of disease marking
antibody molecules in solution. The peptide-monolayers formed on Au(111) are found to be
intimately related to the inclusion and location of particular amino acids in individual
peptide chains of the monolayers, with certain residues strongly influencing the
conformational landscapes exhibited. The complex gold-peptide-topographies and solvent
exposure of antibody-specific residues correlate well with empirical performance and

provide non-intuitive characterisations of the assemblies unattainable through experiments.

To study how peptide-ligand conformations affect the photoluminescence (PL) properties of
Auzs nanoclusters that are capable of in vivo bioimaging, MD is used in conjunction with
quantum mechanical calculations in Chapter 5. Following the systematic MD modelling of

different Auzs(SP)is nanoclusters (where P = hexapeptide), properties such as peptide



Abstract

arrangement, hydrodynamic radii, distribution of chemical groups around the gold core,
water structuring, and hydrogen bond networking are each correlated with experimentally
measured AuNC PL. Key findings from this chapter present design principles to optimise the

PL of these systems and postulate potential mechanisms for PL quenching.

Next, Chapter 6 employs MD to examine octanethiol-protected Auzs nanoclusters, which are
inherently hydrophobic and form an integral component in a composite gold-silica
theranostic material. Simulations in explicit water and ethanol solvents reveal significant
structural differences in the alkanethiol ligand layers on Au;s(SCsHi7)1s and these
differences are then used to hypothesise a steric-kinetic mechanism to explain performance

issues that these materials face in their drug delivery applications.

The outcomes of this thesis contribute to the overall understanding of organic-inorganic
materials in targeted applications through exploring the intricate interactions that occur on
the nanoscale. This work also highlights how the synergistic union of theoretical and
experimental approaches can be used to produce translational research, improve insight,
and facilitate the development of biocompatible gold nanomaterials for applications in the

fields of bioimaging, biosensing, drug delivery, and biomedicine in general.



Chapter 1:
Introduction

1.1 Overview

Gold nanomaterials show enormous potential to provide significant biomedical
advancements in biosensing,45 bioimaging,t8 drug delivery,® magnetic and photothermal
therapies,'0 antimicrobial devices!! as well as many other innovative diagnostic!? and
therapeutic technologies.10.13 The widespread applicability of gold nanoparticles (AuNPs)
within these diverse contexts is largely owed to the unique size-dependent chemical,
physical and optical properties they exhibit, along with the ease in which they can be
synthesised and functionalised by biologically relevant chemistries.1* State-of-the-art
engineering of efficient and safe gold nanomaterials for in vitro and in vivo applications
involves multiple levels of design challenges.*1419 These include the careful selection of
metallic core size and functional layer (peptides, antibodies, DNA, organic and other
ligands); the solvent/buffer composition; effects of external forces such as mechanical
stresses, electric and magnetic fields; and even the choice of the biological environment
itself (plasma/lipid membranes). Despite significant recent advancements in experimental
synthesis and characterisation,?? a comprehensive multiscale understanding of the structure
and dynamics of the Au-bio interface relevant to biomolecular and physiological responses
is still lacking. In silico methods are widely accepted as a means to complement, clarify and
predict experimental findings at time and length resolutions technologically unattainable in
the laboratory. In light of this, this thesis aims to develop and apply computational
strategies to practical Au-bio interfacial systems, providing specific insights to aid in the

rational design and optimisation of AuNPs for biomedical applications.

1.1.1 Scope of the Thesis

This thesis explores the physicochemical interactions occurring at the functional interface
of biologically coated AuNPs through the use of molecular modelling approaches. The
overall aim of this work is to complement and rationalise empirical data in order to predict
AuNP behaviour, develop structure-property relationships, and guide the effective

engineering of novel biomedical devices.

The first three chapters of this thesis are devoted to providing a background into the

biological appeal of AuNPs, and give an overview of how computational approaches produce
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physicochemical information that can facilitate the design of efficient biomedical devices.
Chapter 1 introduces what nanomaterials are, gives a synopsis of the history and properties
of AuNPs, and provides representative examples of how AuNPs can revolutionise diagnostic
methods and the treatment of diseases. Chapter 2 delivers a perspective into the multiscale
computational strategies available to simulate the Au-bio interface and presents exemplar
studies of their application. Following this, the technical details of the computational

methodologies used in this thesis are outlined in Chapter 3.

In Chapters 4 to 6, molecular modelling results are presented from studies performed
concurrently, and in collaboration, with the innovative biomaterials engineering Stevens’
group at Imperial College London (http://www.stevensgroup.org/). Chapter 4 focuses on
molecular dynamics simulations of anti-viral peptide monolayers on Au(111) surfaces and
illustrates the effect that amino acid sequence has on the complex peptide-layer
topographies formed on AuNPs. The results presented demonstrate why particular peptide-
functionalised AuNPs display superior experimental performance as plasmonic antibody
biosensors.3 Chapter 5 explores the relationships between peptide ligands and the
photoluminescence of peptide-functionalised Auzs nanoclusters via the systematic
modelling of different amino acid substitutions. Properties such as hydrodynamic radius,
embedded water content, and the distribution of chemical groups around the gold core are
shown to collectively affect the measured fluorescence of the peptide-AuNC materials.! Next,
Chapter 6 investigates the structure and dynamics of octanethiol-functionalised Auzs in
explicit water and ethanol solutions. The AuNCs form part of a composite theranostic
material?! and significant structural differences observed in the different solvents help

explain performance issues for these materials in their drug delivery applications.

Finally, Chapter 7 outlines the key outcomes of this work and presents future perspectives.
The outlook of this thesis is towards a promising approach to synergy between experiments

and simulations in providing molecular insight into the Au-nano-bio interface.

1.2 Nanotechnology and Nanomaterials

Nanotechnology, by definition, involves the manipulation of matter at dimensions of roughly
one billionth of a meter with the aim of understanding, controlling and utilising the new
properties of the materials that emerge at the sub-microscopic scale. No longer described as
an emerging field, nanotechnology is attributed to many major advances in technology and
medicine. For example, nanotechnology has contributed to impressive developments in:
computing, electronics, energy generation and storage;?? medicine and healthcare;23

automotive, nautical and aerospace materials;24 agriculture and food production;25 as well
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as everyday consumer products such as textiles2¢ and cosmetics.2” Despite the science-
fiction portrayal of nanotechnology in popular culture (consider Star Trek, Red Dwarf,
Doctor Who, Terminator and GI Joe to name a few), the field itself is not an entirely new one.
In Nobel laureate Richard P. Feynman’s famous 1959 lecture “There’s Plenty of Room at the
Bottom” to the American Physics Society,28 it was foretold about nanotechnology that “in the
year 2000, when they look back at this age, they will wonder why it was not until the year
1960 that anybody began seriously to move in this direction”. In his seminal speech
Feynman described the possibility of synthesising materials via the direct manipulation of
atoms. After many years of scientific research, nanotechnologies are only now starting to
gain commercial use, with inventories reporting there are over 3,000 consumer products

containing nanomaterials currently available for purchase on the European market.2°

The unique, and often superior, properties that make nanomaterials appealing for so many
applications can predominantly be attributed to their large surface-to-volume ratio. While
atoms in the core of a nanomaterial determine intrinsic properties such as hardness and
conductivity, under-coordinated surface atoms define a particle’s solution characteristics
and chemical reactivity. Moreover, as the size of a nanostructure decreases below ~10 nm,
quantum confinement affects the electronic and optical properties. This leads to an enlarged
band gap that makes NPs electronically akin to molecular species, i.e. randomly moving

electrons become confined to discrete energy levels instead of continuous bands.

As depicted in Figure 1.1, nanomaterials can be broadly classified into three categories
based on their composition (organic, inorganic or hybrid). Organic nanomaterials, such as
self-assembling lipid- and biopolymer-based NPs, are generally simple to prepare,
biodegradable, biocompatible, bioselective and have good stability in biological fluids.3? The
second group, inorganic nanostructures, are perhaps the best known for their industrial
uses3132 and include: carbon-based derivatives (e.g. nanotubes, fullerene particles and
graphitic sheets), silicon and other metallic NPs, mesoporous silica and many metal oxide
species. These materials possess exceptional electrical, chemical, thermal and optical
properties that are beneficial for accurate biosensors, enhanced diagnostic tools and
therapeutic devices.33 The third category of nanomaterials are termed hybrid since they are
composed of a combination of organic and inorganic elements, such as metal-organic
frameworks and bio-functionalised (metal or semi-conductor) NPs. Hybrid assemblies
exhibit attributes of both aforementioned nanomaterial classes and arguably offer the most
tunability and customisation for specific properties and applications.3* Regardless of the
type however, all nanomaterials have sizes comparable to biological molecules and typical

cellular components (Figure 1.1), which provides a unique opportunity to exploit their
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Figure 1.1 | Relative sizes of molecules, biological entities and macroscopic materials compared to
representative examples of nanomaterials. Main figure adapted with permission.3> Copyright 2016,
Elsevier Ltd. DNA-nanotube adapted with permission.3¢ Copyright 2008, American Chemical Society.

properties for medicine via manipulation of fundamental biological phenomena occurring at
the nanoscale. Gold nanomaterials, especially those functionalised with biologically-

compatible molecules, display a perfect blend of properties to achieve this.13

1.3 Gold Nanoparticles

Gold, as a precious metal, has been used in jewellery, coinage and decoration since ancient
times and has well-known physical and chemical characteristics. In its purest, bulk form,
gold is yellow in colour, shiny, soft, malleable and ductile. Metallic gold has a melting point
of 1,064.18°C, a face-centred cubic (FCC) crystal structure with a precise lattice parameter
0f 0.40782 nm, is a good conductor of heat and electricity, reflects infrared radiation, and is
virtually chemically inert.3” However, when gold is miniaturised to nanoscale dimensions,
these distinct properties drastically change. For example, AuNPs with radii less than 10 nm
melt at significantly reduced temperatures (due to high surface energy)38 and are known to
catalyse a variety of chemical reactions,3 while colloidal AuNP suspensions are renowned

for producing vibrantly coloured solutions that optically depend on constituent NP sizes.

1.3.1 The Origin of Gold Nanoparticles
Historically, the first use of AuNPs involved exploiting their unique optical properties to
create red-coloured glass and ceramics, even though their existence (and role in the

process) was unknown at the time. Perhaps the most famous and earliest example of this is



Chapter 1: Introduction

the Roman Lycurgus cup (Figure 1.2), which is dated back to the 4th century.*® Due to trace
amounts of 50-100 nm gold and silver NPs*! being incorporated into the glass during its
fabrication, in reflected light the Lycurgus Cup appears jade green while in transmitted light
it glows a deep ruby red. This dichroic effect results from the NPs scattering light when the
glass is illuminated from the outside and absorbing light when illuminated from the
inside/behind.42 Although a stunning specimen of ancient nanotechnology, the colouring of
glass using precious metals was not routine for the time period and the Romans were

unable to control the process, preventing the technology from developing any further.

At the end of the 17t century (1,300 years later), the production of red-coloured glass using
gold was finally revisited. This was sparked by the discovery of Purple of Cassius (a gold
preparation obtained via the reduction of a gold chloride aqueous solution) and the
innovation that it could be added as a colourant to melted glass.43 Over a century later, in
1857, Michael Faraday made the first suggestion of the existence of NPs in his Bakerian
Lecture to the Royal Society.4* Faraday postulated the composition of “Purple of Cassius to
be essentially a finely-divided gold, associated with more or less oxide of tin” and attempted
“to induce the belief that finely-divided metallic gold is the source of the ruby colour” in
stained glass. In 1905, Viennese chemist Richard Adolf Zsigmondy conclusively showed,
thanks to a light-scattering based microscope he co-developed, that Purple of Cassius is
indeed composed of “very finely divided gold with colloidal stannic acid” (and subsequently

he was awarded the 1925 Nobel Prize in Chemistry for this work).4>

T ;fwmwm A

N

Figure 1.2 | The 4th century Roman Lycurgus cup. The dichroic optical effect the glass is due to the
presence of AuNPs; it appears green (left) unless illuminated from the inside/behind, in which case it
glows red (right). Reproduced from the British Museum free image service.*?
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Shortly after, in 1908, Gustav Mie proposed a theoretical basis for the optical properties of
homogenous spherical particles that provided the first rationalisation as to why AulNPs
create coloured solutions.*¢ Essentially, Mie used Maxwell’'s electromagnetic theory to
explain that the colour of gold colloids comes from the absorption/scattering of light
however the physical nature of these processes remained unclear until the 1950-60s and
the electronic band theory of metals was established. It is now known that incident light on
a AuNP induces a collective excitation of the metal’s conduction electrons and these
oscillating electrons absorb and scatter light. This process is called Localised Surface

Plasmon Resonance (LSPR) and will be expanded on in Section 1.3.2.

Starting in the 1940s, the advent of transmission electron microscopy allowed researchers
to physically ‘see’ NPs and precisely measure their size and morphology.4” Around the same
period, solution-phase synthesis of low polydispersity AuNPs was accomplished by using
trisodium citrate (Na3Ce¢Hs07) to reduce gold salt (tetrachloroauric acid, HAuCl). Conceived
in 1940 by Hauser and Lynn,*8 the approach was made famous in 1951 by Turkevich and co-
workers in their landmark description of the nucleation/growth process of AuNPs,*° then
later refined by Frens in 1973.50 Although still commonly used,5152 citrate-stabilised AuNPs

aggregate irreversibly upon being dried and can therefore only exist in solution.

In the late 1980s, a scientific interest in self-assembled monolayers of thiols on planar gold
surfaces began53.54 that led to an important advancement in the fabrication of stable AuNPs.
In 1994 and 1995, Brust et al. pioneered a simple method for the room temperature
preparation of thiol-functionalised AuNPs that could be dehydrated and re-dissolved
without irreversible aggregation or decomposition.5556 Small adaptions of the Brust-
Schiffrin method have since emerged to produce ‘gram-scale’ quantities of AuNPs with

tailored gold core dimensions and a wide range of biomolecular ligand functionalities.5457.58

1.3.2 Size-Dependent Morphology

Today, AuNPs are perhaps one of the most extensively studied and attractive nanomaterials
due to their fascinating properties, which are heavily influenced by particle size and
morphology.5® The structure of monolayer-protected AuNPs, such as those synthesised

using the Turkevich and Brust-Schiffrin methods, consists of three parts:

1. Core/central atoms: a close-packed symmetric metallic interior that determines
crystallinity and overall shape.
2. Surface atoms: high-energy, exposed metal atoms which lie on a NP’s outer surface

facets or at their edges and vertices. These sites govern catalytic activity.60
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3. Ligand layer: the passivating outer layer of molecules that are anchored to the surface
metal atoms, stabilise the AuNPs against irreversible aggregation and/or provide

surface functionality that influences the particles’ solution properties.

Although these fundamental structural features are universal, AuNPs can be separated into
two broad subclasses based on their size and size-dependent properties. Particles of 10-300
nm diameter exist in a variety of shapes (e.g. rods, stars, polyhedrons, and wires59) and are
characterised by isotropic FCC gold lattices that feature various fractions of (111), (100)
and (110) Miller index surface facets.5! These larger AuNPs display electronic band
structures (i.e. valence and conduction bands) typical of bulk-like semiconductor/insulator
materials.62 Particles < 10 nm in diameter consist of a countable number (tens to hundreds)
of atoms and are commonly referred to as gold nanoclusters (AuNCs). In this size regime
there is a transition from FCC crystal structuring to non-FCC geometric core morphologies
(e.g. icosahedral) around 2-3 nm ‘effective diameter’ (Figure 1.3).63 Moreover, as NC size
decreases there is an increase in the density of under-coordinated gold atoms (edges and
corners) which leads to enhanced catalytic activity,é¢ and molecular-like electronic

structure emerges. Further discussion about AuNCs morphology is given in Section 2.2.1.

1.3.3 Optical Properties

Of the many useful characteristics nanoscale gold materials exhibit, their remarkable size-
dependent optical properties are particularly beneficial for biosensing and cellular imaging
applications.> As consequence of their different morphologies and electronic structuring,
large AuNPs and small AuNCs have different optical responses when irradiated with light.
For AuNPs of diameter d << 4 but > 5-10 nm (where A is the wavelength of the incident

light), absorbed photons cause the quasi-free conduction band electrons on the gold surface

Number of Au atoms in Au,(SC12),, clusters (n)

25 38 104 130 144 187 ~226 329 ~520
—_—T Y — —,,,,LYLELSYYY

electronic structure
molecule-like bulk-like (plasmonic)

non-bulk structures bulk-like structures

Figure 1.3 | Transition from molecule-like to bulk-like electronic properties as a function of the
number of gold atoms. Reproduced with permission.®3 Copyright 2015, American Chemical Society.
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to undergo collective coherent oscillations in a process called LSPR (Localised Surface
Plasmon Resonance, Figure 1.4a). These surface plasmon oscillations then typically decay by

either radiating energy through light scattering or by converting the absorbed light to heat.

For AulNPs, this LSPR absorption predominately occurs in the visible region of the
electromagnetic spectrum and results in intensely coloured colloidal solutions.65-68 In
general, there is a complementary relationship between the apparent colour of an object (or
solution in this case) and the wavelength of light the material absorbs, for example if green
light is absorbed, red is perceived. Consequently, the colour of AuNP solutions is dependent
on the wavelength of light absorbed which in turn strongly depends on the size and shape of
the AuNPs as these affect the frequency at which LSPR occurs. The larger the NPs, the more
red-shifted the absorption maximum and subsequently the more ‘blue’ the colloidal solution
appears (Figure 1.4b). Interestingly, when NPs coalesce or are in close proximity to each
other, the change in interparticle spacing is also accompanied by a significant Stokes shift in
the absorbed LSPR wavelength.¢® Therefore, the aggregation of AuNPs in solution (or re-
dispersion of AuNP aggregates) results in a visible colour change to be observed at nano-

molar concentrations and provides a basis for very sensitive plasmonic biosensors.70.71

On the other hand, AuNCs (< 3 nm in diameter) have electronic structuring analogous to
molecular species. In this smaller size regime the continuous band structuring that bulk-like
materials exhibit breaks up into discrete electron energy levels (see Section 2.2.2). Hence,
when AuNCs are exposed to light of an appropriate frequency they display vibrant
fluorescence.”.87273 As shown representatively in the Jablonski diagram of Figure 1.4c, this
photoluminescence occurs as a result of valence electrons from the AuNCs absorbing
incident photons and becoming excited to higher energy states, thereafter they lose some
energy through non-radiative pathways (e.g. vibrational energy). When the electrons relax
back down to the ground state, a photon of lower energy is released than the photon
initially absorbed. This is typical of (non-resonant) fluorescence, meaning excitation and
emission occur at different wavelengths, i.e. the absorbed radiation can be in UV region

while emission occurs in the visible light spectrum (Figure 1.4d).

For both small AuNCs and larger AuNPs, the frequency, intensity and quenching of
absorbed/emitted light is heavily influenced by the size, shape, solvent, and environment in
the vicinity of the particles. To exploit and tune these optical properties for biological
settings, it is necessary to carefully design gold particles with attached functional molecules

that can act as a bridge between the inorganic and organic systems.

10
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Figure 1.4 | Mechanisms and examples of the size-dependent optical properties of gold
nanomaterials. (a) Schematic of plasmon oscillations of a metal sphere, showing the displacement of the
conduction electron charge cloud relative to the nuclei in response to an incident electric field. Adapted
with permission.®®. Copyright 2003 American Chemical Society. (b) Aqueous solutions of AuNPs whose
colour depends on particle size. Adapted with permission.’# Copyright 2008, American Chemical Society.
(c) Jablonski diagram showing photophysical processes for AuNCs. Radiative processes: absorption (hv),
fluorescence (F), and phosphorescence (P); Non-radiative processes: internal conversion (IC) and
intersystem crossing (ISC). (d) Excitation (dashed), emission (solid) spectra and images of AuNCs under
UV irradiation (366 nm). Adapted with permission.”s Copyright 2004, the American Physical Society.

1.3.4 Functionalisation

Gold nanomaterials are rarely used as bare materials (especially in biology) as they coalesce
in aqueous solutions.’677 Instead, they are typically coated with synthetic or biologically
inspired molecules that improve colloidal stability and impart specific functionality onto the
particles. To do this, ligand molecules are anchored to gold via chemical (chemisorption) or
physical (electrostatic or hydrophobic) interactions, frequently through self-assembly
processes.’8 Examples of molecular species that have been shown to bind to AuNP surfaces
can be found in ©567.79-81 and references therein and include: amines, phosphines, thiols,
dendrimers, polymers (e.g. PEG, PMMA), biomolecules (e.g. DNA/RNA, proteins) as well as
many others (e.g. porphyrins, salts etc.). Figure 1.5 shows a small selection of common

hydrophobic and hydrophilic gold-binding ligand molecules.
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Figure 1.5 | Selection of common gold-binding ligand molecules. Representative images are drawn to
scale showing 5 nm diameter AuNPs with different hydrophobic (left) and hydrophilic (right) ligand
molecules. Adapted with permission.82 Copyright 2010, the Royal Society.

Of the many chemical groups that possess affinity to gold surfaces, thiols are the most
commonly used for AuNP passivation. This is due to the robustness and strength (~200 k]
mol-1) of the Au-S bond,>* as well as the simple and modifiable Brust-Schiffrin synthesis
approachs556 to obtain functional thiol-stabilised AuNPs.5457 While Au-S interactions are
often described as purely covalent, the exact nature of this bonding has been a topic of
extensive debate,83-86 with recent evidence suggesting there are significantly large

contributions to the bond character from van der Waals (vdW) dispersion forces.8”

In the context of small thiol-protected gold clusters (Au.(SR)m), by selecting appropriate R-
groups one can manipulate many innate characteristics of the underlying AuNCs.32 These
include stability,8889 photoluminescence, 9091 optical activity,2 magnetism,?3 redox
behaviour,?* and even induce SPR absorbance in much smaller than expected AuNCs.9596
Furthermore, ligand characteristics such as hydrophobicity and charge can be tailored to

influence responsiveness to external stimuli,®? solubility and molecular recognition.98

For biological applications, peptides are particularly appealing ligands (normally anchored
via cysteine residues) as they seamlessly integrate with biological components, are water
soluble, and they display a range of properties that are readily controlled by varying their
length and composition.?.100 With appropriate design of their amino acid sequence,
peptides can act as recognition elements for the specific detection of a variety of
biomolecular targets such as disease markers, proteases/enzymes, antibodies and other
biologically relevant proteins.59° Ultimately, this allows for the properties of both the gold
core and the peptide functional layer to be accurately controlled via their respective

synthesis methods, enabling the fabrication of highly specialised biomedical devices.
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1.4 Gold Nanomaterials for Biomedicine

Gold nanomaterials are able to transform the conventional ways that we diagnose and treat
diseases. For example, they can: dynamically interact with and respond to their
environment creating ultra-sensitive biosensors,’! be loaded with molecules to deliver
drugs into targeted locations!0! or be selectively heated to destroy cancer cells when
injected into tumour sites.192 Due to the diversity of research on biomedical AuNPs and
AuNCs, and the scope of this thesis, this section is not intended to be an exhaustive overview
but rather serves as a general introduction to ways in which gold can be used for biomedical

applications. Readers are referred to detailed reviews in each relevant section.

1.4.1 Diagnostics, Therapeutics and Theranostics

There are two kinds of clinical diagnostic tests that need to be considered, in vitro assays
and in vivo imaging. The former of these tests are performed on biological samples that have
been taken from a living body (e.g. blood, urine, tissue) and typically aim to either:
determine/confirm the presence of a disease in an individual; or to measure the quantity of
a particular constituent in the sample (e.g. blood sugar). Alternatively, in vivo diagnostic
tests are conducted within living organisms, such as laboratory animals or the human body,
and are often used to track and visualise specific abnormalities within the body in a time-
resolved manner, such as the size, shape and location of a tumour. The modes in which

AuNPs can be used for both in vitro and in vivo diagnostics are discussed below.

Gold-based diagnostic biosensors, like all sensors, are composed of two parts: a recognition
element (functional coating) to selectively bind a target of interest and a transduction
component (metallic core) to signal the binding event. As discussed in Section 1.3.4, AuNP
surfaces can facilitate diverse ligand chemistries that allow for the specific detection of a
variety of biochemical molecules. Binding between a ligand molecule and a target analyte
then generates a detectable signal by either inducing structural changes in the assay, or by

altering the physicochemical properties of the underlying gold material (Table 1.1).

There is a huge multitude of AuNP- and AuNC-based in vitro tests that have been developed
to detect an assortment of different species including: small organic molecules, nucleic
acids, proteins, pathogens, and even cells.!? In addition, by exploiting the optical properties
of AuNPs and AuNCs, sensitive in vivo imaging devices have also been created.103 For further

examples please see 45104105 and references therein.

Gold-based technologies are also practical for the in vivo treatment of diseases, primarily
through drug delivery and photothermal therapies. For the former, pharmaceutical

molecules are conjugated onto carrier AuNPs and transported to desired regions in the body
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Table 1.1 | Properties of AuNPs used to generate a biosensing signals.

Property Detectable signal
LSPR (AuNP > 3.5 nm) Colourimetric, LSPR absorption
Photoluminescence (fluorophore: AuNC or ligands) Stokes shift, quantum yield
Redox (AuNP-films, -wires or -supported electrodes) Electrical conductivity/current
Surface-enhanced Raman scattering (AuNP > 3.5 nm) Raman intensity

where they are selectively delivered to kill malignant cells. In the latter, AuNPs are
embedded into tumour sites and externally applied electromagnetic radiation stimulates
LSPR to make the NPs a point source of heat (via the release of vibrational energy) and
cause cell hyperthermia/death. In addition, AuNPs can enhance radiotherapy,1°0.10¢ induce
cell apoptosis through photochemical generation of free radical oxygen,107 and block

cancerous pathways.1%8 Further therapeutic applications of gold can be found here 10.13.59,

As discussed above, gold nanomaterials are inherently multifunctional. They can serve as
optical probes and contrast agents for diagnostic imaging, kill cells through photothermal
effects, and they can release drugs in response to external stimuli. Moreover, these
functions can be combined into a single theranostic material that provides both targeted
therapy and diagnosis. This is especially valuable for cancer treatment since AuNPs are able
to both identify and hamper the growth of cancer in vivo.19 Supplementing the previously

mentioned reviews, references 33.110 detail theranostic research surrounding AuNPs.

1.4.2 Design Principles and the Biomolecular Corona
For engineered gold nanomaterials to be effective for their intended biomedical applications

(especially in vivo) there are several requirements to be considered.'!! These are as follows:

Stealth: It is vital that in vivo AuNPs do not trigger an immune response and reach their

target undetected, avoiding unwanted adsorption from other entities.

Targeting: To be successful, AuNPs must specifically and selectively recognise their

target while discouraging non-specific interactions.

Aggregation: Irreversible NP aggregation can significantly affect colloidal stability,
cellular uptake, biodistribution and toxicity.!> While in situ aggregate formation is

usually undesirable, some biosensors exploit this to generate a signal (e.g. Chapter 4).

Elimination: Upon completing their objective, AuNPs need to be eliminated from the
body but it is important to control the rate of elimination. If cleared too quickly, the
probability of reaching their therapeutic/diagnostic target is reduced however

prolonged tissue retention presents serious concerns for toxicity.!12
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Of course while the engineering of surface coating molecules is critical to meeting these
conditions, to effectively translate AuNP-biomaterials from the bench-top to the clinic it is
necessary to characterise NPs in an environment that is as close to their intended
environment as possible. Therefore, it is worth noting that the physicochemical properties
and behaviours of nanomaterials characterised under idealised conditions (as is often the
case for proof-of-concept studies) are not the same as in the complex physiological
environment.!13 As NPs progress through in vivo pathways, or experience biological fluids
(e.g. blood, plasma, interstitial fluid, cell cytoplasm) during in vitro applications, they
encounter a diverse mixture of biomolecules that adsorb to their surface with varying
affinities forming what is known as a protein/biomolecular ‘corona’ (Figure 1.6). This
corona, whose constituents are suggested to be constantly and dynamically in exchange
with other molecules, is what primarily interacts with biological systems and thereby

constitutes a major element of the particles’ biological identity and hence its fate.16.114.115

| Biological environment NP exposed I

l

= Static conditions * High flow conditions
* Reaches equilibrium * Dynamic exchange
* Molecularly rich

Figure 1.6 | Biomolecular coronas formed around nanoparticles in various different biological
environments. In ex vivo environments biomolecules rapidly adsorb onto NPs until the corona is in
equilibrium. In vivo, a molecularly richer corona is formed that is in dynamic exchange with other
molecules as it evolves over time. Reproduced with permission.!'” Copyright 2017, Nature Publishing.
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Consequently, it is typical to aim at maximising specific interactions for molecular targeting
and recognition while discouraging non-specific interactions that lead to unwanted corona
formation and potential adverse effects, such as loss of NP functionality and selectivity.
Alternatively, there are efforts to exploit the biomolecular corona by designing NPs to
adsorb particular plasma proteins as a means to target certain cells and promote
internalisation.116 In either case, to successfully engineer new bio-nanomaterials it is
paramount to understand the structure and dynamics of the AuNP-bio interface before,
during, and after corona formation. Computational and theoretical methods can accelerate
this insight and are a widely accepted approach to enhance, elucidate and predict empirical

findings at multiple time scales, length scales and levels of detail (Chapter 2).

1.5 Conclusion

This chapter has delivered an overview of the unique and exciting properties exhibited by
nano-sized gold materials, which form the basis of a considerable number of diagnostic and
therapeutic biomedical technologies. Our ability to rationally design AuNP-based biomedical
devices requires intimate knowledge about how AuNPs and their properties adjust in
biological media (e.g. plasma, cell membranes and, various intra and extracellular
environments) as well as how the components of biological milieu (e.g. water, proteins, lipid
bilayers, and DNA) respond to the presence of AuNPs. While advances in empirical
approaches?? have improved the synthesis and characterisation of AuNPs, experimental
techniques are deficient in comprehensively probing the atomic and sub-atomic length and
time scales needed to interpret the fundamental interactions occurring at the nano-bio
interface. In the following chapter recent computational works that bring complementary

and critical insights to the structure and dynamics of Au-bio interfaces are discussed.
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Chapter 2:
Computational Studies of Au-Bio Systems

A perspective of the current successes and challenges associated with the multiscale
computational treatment of Au-bio interfacial systems, from electronic structure
calculations to force field methods, is provided to illustrate the links between different
approaches and their relationship to experiment and applications. Content from this
chapter has been published in the journal Small and is reproduced in part with
permission.2 Copyright 2016, Wiley-VCH Verlag GmbH & Co. While I am solely responsible
for all adaptations to the original text that are included in this thesis and [ personally
collected, examined and interpreted all literature outlined here, [ would like to explicitly
acknowledge the contributions each co-author made to the publication.? Specifically,
sections in the paper were primarily written by the following: P.C. (1.) Introduction, (3.)
All-Atom Molecular Mechanics and Dynamics (Force Field Methods), (4.) Coarse-Grained
and Simplified Approaches, and (5). Enhanced Sampling Techniques; A.].C. (2.) Electronic
Structure Calculations; N.T. (6.) Applications; and LY. (1.) Introduction, and (7.)
Conclusions. Methodological details of the computational techniques discussed in this

thesis chapter are further described in the subsequent Chapter 3.

2.1 Introduction

Theoretical and computational approaches provide an opportunity to systematically probe
and visualise the interface between gold nanoparticles (AuNPs) and biological matter at
resolutions unavailable to experiments. These techniques offer enormous promise in
providing an in-depth appreciation of the structure and dynamics of gold-bio systems,
which is essential information needed to design and optimise gold nanoparticles (AuNPs)
for incorporation and efficiency within biomedical devices and in vivo. The gold-bio
interface is inherently complex and contains phenomena simultaneously occurring across
multiple time and length scales. For example, charge transfer reactions!!8 take place at
femtosecond time scales and angstrom resolutions; while ligand exchanges, 1 biomolecular
conformational changes,!20 AuNP reconstructions’9.121 progress over milliseconds to hours
and can span tens of nanometres (see Heinz et al.1?2 for a description of the relevance of
each time/length scale to the physics/chemistry of nano-bio interfaces). It is therefore
necessary to employ a computational technique that is commensurate to the

physicochemical phenomena of interest (Figure 2.1).
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Methodologies based on quantum mechanics (QM, Section 3.2) perform calculations with
electrons explicitly represented and therefore can derive properties of materials that
depend on electronic distribution, including the modelling of chemical reactions where
bonds are broken and formed. In the context of Au nanomaterials, QM calculations are
primarily used for AuNP structure determination, analysis of optical properties, chemical
functionalisation characteristics, and force field (FF) parameterisation for classical
simulations (see Figure 2.1a-f and several literature reviews that discuss the role of QM
calculations in describing structural, morphological and optical properties of Au surfaces
and particles85123-125 — especially Ma et al.126). While QM calculations provide accurate and
precise molecular information, they are also very time-consuming as well as CPU and
memory intensive. Unfortunately, the complexity and size of Au-bio systems, which can
contain inorganic, biomolecular, ionic and aqueous species, quickly renders even the most
efficient QM techniques computationally intractable. Furthermore, the common workaround
to increase QM system size by neglecting solvent effects is less than ideal since these effects

are well known to play an active role in biological processes.127

Force field methods (also known as molecular mechanics, MM) ignore electronic motions
and calculate the energy of a system as a function of the nuclear positions only. Simulations
of this nature are based on the laws of classical mechanics, thermodynamics and statistical
physics (see Section 3.3). Although MM approaches cannot provide properties that depend
on electronic distribution, they complement enthalpically driven QM calculations with a
description of the system’s free energy that includes both the enthalpic and entropic
contributions. Classical simulations are therefore able to investigate thermodynamic
properties of larger gold-bio systems (Figure 2.1g-n) in physiological environments and at

an appreciable level of accuracy without compromising computational efficiency.

In this chapter, recent studies employing QM and classical MM approaches to provide
electronic and molecular insight into complex bio-gold systems are summarised. The
reviewed literature not only illustrates how computational approaches are being used to
investigate Au-nano-bio systems, it also highlights capabilities and challenges associated
with their application. In Section 2.2, QM studies are described that examine Au-bio
interactions to advance knowledge in the physical, chemical and optical properties of AuNP
systems. These range from revolutionary discoveries that have transformed our
understanding of gold nanocluster (AuNC) morphologies, to approaches that are aimed at
providing accurate parameters for MM FF development. Section 2.3 presents research that
utilises classical MM techniques, in synergy with experimental data, to explain and design

biologically active gold nanomaterials. Examples are given of how MM simulations are
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helping engineer AuNPs for: amyloid fibril inhibition, improved cellular penetration (for
drug delivery), and facet selective peptide adsorption. Finally, Section 2.4 gives some brief
conclusions and outlines the research questions this thesis intends to resolve. Please note
that technical details of methodologies discussed in this chapter, especially those that are

directly relevant to results presented in this thesis, are described in Chapter 3.
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Figure 2.1 | Molecular models and simulation approaches used to capture physicochemical
interactions at the interface between gold nanomaterials and biological matter. (a) Au surface
functionalisation reactions; (b) AuNC electronic excitation and fluorescence, (c) AuNP growth; (d) AuNP
structure/morphology; (e) AuNP surface plasmon resonance; (f) Au-solvent interactions and
polarisation; (g-1) biomolecular interactions and adsorption on Au surfaces and NPs, including (in the
order of appearance) grafted functional chains/peptides, DNA, self-assembled monolayers, protein
complexes, individual proteins, and fibrillar protein aggregates; (m) AuNP-lipid membrane interactions
and internalisation mechanisms; and (n) AuNP aggregation. The background colour indicates the
relevance of each model/method to biomedical applications. The temporal and spatial resolutions shown
reflect the scale of the AuNP properties (a-n) and the blue arrow is indicative of the (current) modelling
approaches capable to treat each respective phenomena; however, as high performance computing
capabilities increase it is expected that the time and length scales of each method will also increase.
Images (a-n) were created using the VMD 1.9.2 program!?® with some components and structures
adopted from protein data bank entries (PDB ID: 4F5S, 4S05, 2L86), published models!?? and X-ray
crystal structures.!30.131 Reproduced with permission.2 Copyright 2016, Wiley-VCH Verlag GmbH & Co.
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Figure 2.2 | Optimised [Auzs(SR)1s]~ (Where R = CHs) structural isomers with the corresponding X-
ray diffraction patterns compared to experiment. Gold (orange) and sulphur (yellow) are shown but
methyl groups are omitted. Reproduced with permission.!3? Copyright 2008, American Chemical Society.

2.2 Electronic Structure Calculations

2.2.1 Structure Determination and Mechanics of Nanoparticle Formation

Structure determination (i.e. exact atomic arrangement) is critical for understanding the
physical and chemical properties of molecules and materials.132 One of the most significant
early successes for AuNC characterisation is the structure determination of Auzs by Akola et
al. in 2008.133 In this pioneering work, three Au;5(SR)1s isomers were geometry optimised
with DFT and their theoretical X-ray diffraction patterns and optical absorption spectra
were calculated (in agreement with experimental data, Figure 2.2). Properties such as
electron affinities and ionisation potentials were also assessed and collectively this
information was used to predict the ground state structure of Au:s(SR)is (labelled 1 in
Figure 2.2), which was later confirmed by X-ray crystallography.131.134 Similarly, in 2010
DFT was successfully used to determine the structure of Ausg(SR)24!3% just prior to the

resolution of the X-ray crystal structure.136

The revolutionary discovery established from these early studies (and the experimental
crystallisation of Auys, 131134 Ausg!36 and Aui02!37) is that thiolated AuNC assemblies exhibit
highly symmetric gold cores that are surrounded by adatom gold “staples” (1 of Figure 2.2).
This view of AuNC morphology is quite contrasting to previous models that proposed
thiolates simply form a protective layer on NC surfaces.8> The “staple” motif has since been
shown to consistently appear in various experimentally and computationally determined
structures, including: Auz2(SR)1s,138139 Aue7(SR)35,140 Au144(SR)60,14! Au147(SR), (Where n =0,

12, 24, 50, 72),142 Au1s7(SR)es,143 and Auszz3(SR)79,144 as well as on planar Au surfaces.!45
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Several other works have been focused on elucidating the formation of these Au-sulphur
staples.146-148 While it should be noted that the empirical compositions of many of these
exceptionally stable “magic number” AuNCs are associated with closed-electron shell
valence counts,125 this is not a strict requirement for AuNC formation!%® as geometric

features and symmetry are also known to play a role in AuNC stability. 150

DFT structure prediction is particularly useful in the absence of X-ray crystal data (since not
all AuNPs diffract to atomic resolution), however it is sensitive to input parameters15!
(Section 3.2.4) and the calculated lowest-energy model is not always the one found in
nature. For example, in 2012 Pei et al. proposed an interlocked catenane-like arrangement
for Auz4(SR)20 based on DFT,152 but in 2014 Das et al. resolved the crystal structure!53 and it
did not match the lowest-energy model. Instead, Das’ structure correlated to the third-
lowest energy model (Iso3 in Pei et al.). Furthermore, for atomic configurations with limited
experimental data, semi-empirical methods such as density functional tight-binding!54-156
and approaches employing empirical potentials!57-159 are often used as a first step in

geometry optimisation where first-principles calculations are prohibitively expensive.

In addition to static structure determination, QM methods are beneficial for investigating
the dynamics of AuNP formation, including aspects such as: self-assembly/aggregation,160-
162 doping,163-165 metal oxidation,166 ligand exchange,89.130.167-170 gand the binding of small
molecules to gold surfaces!7!-173 and AuNCs.174-176 Using DFT to study alkanethiol self-
assembled monolayer formation on AuNPs, Barnard showed that the most favourable
adsorption sites are the (111) facets adjacent to (111)[(111) edges and that alkanethiol
concentration and chain length guide the growth of AuNPs into different morphologies.177
DFT calculations have also provided insight in the effects of collocation of different
adsorbents on nano-gold,'78 atomic substitutions,'’9 chiral transfer,80 and adsorption-
induced gold reconstructions.18! Despite these accomplishments, probing the precise
mechanics of AuNP formation, specifically on the gold core itself, is a challenge for ab initio
methods. Recent works have made great strides in this direction by considering the
nucleation and growth process of small AuNCs at the QM level, 182183 and by examining

growth as a function of colloidal stability.182

First-principles methods are an invaluable tool to determine AuNC structures and to reveal
how nanoparticles form. As morphological information becomes more comprehensive, the
capability to predict experimentally valid structures will enable us to better understand the
intrinsic size-dependent physical and chemical properties of nano-gold and this will

undoubtedly assist in the development of novel biologically relevant gold-based materials.
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2.2.2 Optical and Electronic Properties

As one of the key biomedical applications for nano-gold is biosensing,33 an extensive
understanding of AuNPs’ (and AuNCs’) optical and electronic properties is essential. Time-
dependent density functional theory (TDDFT) is an extremely advantageous method for
calculating electronic excited states, and can provide insight into the origin and nature of a
systems’ optical properties.18¢ Several examples in the literature employ TDDFT to
investigate gold assemblies. Tlahuice-Flores et al. showed that Au,s geometry distortions
reduce the energy difference between the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO, respectively);185 Antonello et al. found that oxidation
state affects the triple degeneracy of the Au,s HOMO;!86 and for the recently crystallised
Auig(SR)14,187.188 TDDFT revealed that the HOMO extends over the staple with the LUMO on
the core kernel, in contrast to other nanoclusters. In a series of papers by Fihey et al., a
combined MM and QM approach was used to systematically modify the ligand on Au;s until
excited-state charge transfer was enabled (Figure 2.3)!8% and a molecular switch could be
formed.190 For larger AuNPs (> 200 atoms), Fihey et al. employed TDDFT in combination

with a discrete interaction model to simulate surface plasmon resonance. 191,192

Although TDDFT is an exceptional method for examining the optical behaviour of AuNCs,
other QM-based methods can also be used to predict optical spectra (and validate
theoretically proposed structures - see Section 2.2.1) or explore electron transfer processes.
For example, Tlahuice-Flores et al. used standard DFT methods to produce IR and low-

frequency Raman spectra of AuNCs, which is useful to “fingerprint” clusters based on size,
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Figure 2.3 | TDDFT obtained absorbance spectrum of [Au;5(SH)17Py(NH:)2S]~ (where Py = pyrene
= C16H10)- Reproduced with permission.'8? Copyright 2014, American Chemical Society.
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composition and structure;193 and Corni et al. showed that dye-metal charge transfer
interactions can adequately be modelled by having AuNPs represented as a polarisable

continuum and only treating dye molecules explicitly at the QM level of theory.194

Several factors need to be carefully considered when interpreting calculated absorption
spectra and other optical properties of nanoparticles and clusters. In addition to the choice
of DFT parameters,195 obtained results are well-known to be very sensitive to: size, shape,
“magic number”;196 atomic substitutions;197-202 and the truncation of ligands (e.g. shortening
aliphatic chains to CHs or H for the sake of computational efficiency).203.204 Moreover, the
optimisation of excited states, which is required for fluorescence emission spectra, is
extremely computationally intensive and can only currently be achieved for small
molecules.205 While these limitations are not fundamental flaws of DFT, they technologically
inhibit the calculation of emission spectra for most ligand-protected AuNCs due to size

restrictions and the need to explicitly include all ligand atoms. 204

2.2.3 Gold Interactions with Biomolecules

In addition to structure determination and optical characterisation, QM calculations can
study the adsorption of biomolecules to AuNP surfaces through both physisorption and
chemisorption mechanisms. Physisorption, i.e. the accumulation of molecules onto a surface
without chemical binding, is generally non-specific (apart from hydrogen bonding and n-n
stacking), reversible, and dominated by van der Waals (vdW) forces with binding energies
in the 2-10 kcal mol! range per functional group. Chemisorption processes on the other
hand, such as the thiolate functionalisation of gold, involve a direct molecule-to-surface
chemical reaction which leads to binding energies that can be a hundred times stronger.206
Regardless of the type of adsorption, the proper treatment of weak dispersion interactions
is critical.207-211 This is especially true when considering water-gold interactions, as several
studies have shown that dispersion is essential to properly model adsorption energy,

binding orientation, and diffusion.212-214

Adsorption studies and improving our understanding of water-gold interactions are also
very important when parameterising MM FFs for nano-bio systems?15216 (discussed in
Section 3.3.3). For example, in the parameterisation of the GolP FF,215 Hoefling et al. found
substantial differences between the DFT-derived orientations of gold-adsorbed amino acid
building blocks and the geometries obtained from molecular dynamics (MD) simulations
with explicit solvent.2!” In vacuum, the molecular orientations are driven by attractive
dispersion interactions and the repulsive exchange term of the DFT functional, while in

explicit solvent MD simulations the charged groups reorient for maximum exposure to
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water. To extend the GolP FF to the GolP-CHARMM FF,216 Wright et al. utilised Plane Wave
DFT (with the vdW-DF218219 and revPBEZ220 functionals to treat dispersion) in order to
examine the binding of both water and amino acid functional groups to Au(111) and
Au(100) surfaces. From their in vacuo calculations they found that Au(100) binding affinity
and selectivity was greatest for molecules containing sulphur or nitrogen, which weakly
chemisorb to gold surfaces. In addition, their water adsorption calculations showed that
water molecules preferentially orient their oxygen atoms directly above gold atoms and
closer to the Au interface than their hydrogen atoms (see Figure 3.2). Nadler et al. also
observed this in similar DFT investigations,212 suggesting that gold-interfacial water

molecules tend to act as hydrogen bond donors.

Apart from gold surfaces, QM has been useful to derive FF parameters for organically-coated
AuNCs,221.222 gand to examine the interactions between a small number of gold atoms and
amino acids such as cysteine?23 and glycine.22¢ For individual amino acids interacting with
small AuNCs, Pakiari et al. found that anionic amino acids were favoured.22> Similar results
were found for the tripeptide glutathione,226 which is an alternative capping ligand to

alkanethiolates (references given in Section 6.1) for AuNC nano-bio applications.

In addition to amino acids, the interactions of nucleobases with gold surfaces227 and small
clusters?28 have also been investigated. A recent DFT study found that the energy barrier for
the interaction of nuclueobases with small AuNCs follows the order G > A > C > T > U.229

Moreover, Rai et al. observed that AuNCs can also alter the properties of DNA base pairs.230

2.3 Force Field Approaches

Recent FF and methodological developments of classical simulation approaches (Section
3.3.3) provide a platform to improve our understanding of the different interactions
occurring at the Au-bio interface (Figure 2.1g-1), and help us gain insight into large scale
phenomena such as AuNP aggregation and membrane permeation (Figure 2.1m-n). This has
already afforded a novel route to the generation of nanoparticle assemblies with predictable

architectures?17.231-233 targeting specific applications.

2.3.1 Nanoparticle Synthesis and Design

The design of peptide sequences that can discriminate between gold facets under aqueous
conditions offer a promising route to control the growth and organisation of biomimetically -
synthesised AuNPs. As such, computational modelling has secured an important role in
emerging fields such as bionanocombinatorics and biomaterials engineering where
specifically designed/encoded biomolecules and nanostructures are used to create

materials and devices with unique properties and functions.
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Over the years, several gold-adsorbing peptides have been identified (summarised in Tang
et al.234), some of which have shown binding affinities similar to those of thiols on gold. Due
to the small molecular weights of these ligands, they have become favourable models for
molecular simulations and have been investigated in varying conditions using different
techniques.234-240 [nitial studies describing peptide-nanogold mechanisms of interactions
focused on the enthalpic contributions to binding, by describing the probable number,
distribution, and type of residue-surface contacts.236.241-243 Also, classical “brute-force” MD
simulations have provided insights into the entropic factors of binding. For instance, Vila
Verde et al. explored the influence of peptide flexibility and conformational movement on
peptide binding,238.244 and Heinz et al. estimated the configurational entropic changes of
strong binding peptides adsorbing to gold.235 Although both studies had limitations in their
MD approaches, such as the lack of structural data for comparison, the period of time over
which the binding behaviour was monitored, and the nature of the peptide-gold
interactions (i.e. the surface only interacts with the peptide via dispersive interactions),
their results correlated well with experimental observations. While the assumption that the
gold surface does not reconstruct in response to peptide/solvent interactions may be
reasonable, neglecting polarisation of the gold surface (Section 3.3.2) is potentially more
serious.2%> Tang et al. employed experimental methods in conjunction with MD simulations
using the polarisable GolP-CHARMM FF and enhanced sampling techniques (see Section
3.4.5) to study the binding of various peptide sequences to a Au(111) surface (Figure 2.4).234
Their work quantitatively demonstrated the importance of entropically motivated
adsorption and established design principles for creating both entropically and enthapically
driven nanomaterial-binding peptide sequences. Furthermore, the interplay between
sequence, conformation(s) and binding propensity were noted to significantly impact the

affinity of peptides to gold.
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Figure 2.4 | Integrated approach using experimental measurements and molecular simulations to
establish design principles for specific interactions-driven peptide binding sequences to gold
surfaces. Reproduced with permission.23* Copyright 2013, American Chemical Society.
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Figure 2.5 | Docking example showing different protein binding conformations dictated by AuNP
size and curvature. The circled regions in the space filling models show the contact amino acids for
the human serum albumin protein on the different sized AuNPs: (a) 1-3 nm, (b) 4-10 nm, (c) 11-20
nm, and (d) > 20 nm. Reproduced with permission.z4° Copyright 2014, AIP Publishing LLC.

Several MD simulation studies have provided the structural connections between a given
peptide sequence and its binding affinity to the commonly-featured Au(111) and Au(100)
facets,89.123,235237,246 which is information not easily obtained by experiment. In a recent
work, Wright et al. used the combination of enhanced sampling techniques with the GolP-
CHARMM FF to predict the adsorption free energy of a gold-binding peptide, AUBP1, at the
aqueous Au(111), Au(100)(1 x 1) and Au(100)(5 X 1) interfaces.24? Their results showed
that the peptide adsorption to the Au(111) surface is stronger than to Au(100), irrespective
of the reconstruction status of the latter. The surface hydration of gold was identified as the
key determining factor in peptide-surface recognition, further highlighting the importance
of explicit solvent treatment in classical FF simulations. Subsequent works from the same
group have similarly focused on peptide adsorption and interactions on gold surfaces to

reveal residue-specific binding preferences.247.248

Protein-gold adsorption can also been investigated using molecular docking approaches,
where rigid body transformations and rotations explore different binding orientations. For
example, Khan et al. used molecular docking to investigate the adsorption of human serum
albumin (a major protein component in human serum) onto AuNPs that cover a span of
different sizes (1-200 nm).249 Although water molecules, ions and the citrate-coating of the
AuNPs were not physically considered, their findings revealed that curvature and particle

size substantially affect stable protein-gold binding conformations (Figure 2.5).
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While the interactions of proteins with bare Au surfaces have been investigated in detail,
albeit with differences in methodological approaches and techniques used, the study of
proteins interacting with functionalised Au surfaces is still in its infancy. In reality, bare NPs
are unstable and prone to aggregation in solution. To combat this problem, NPs are often
synthesised with various functional capping agents (surfactants) conjugated to their
surface, such as citrate, alkanethiol, or peptide ligands, which aid the colloidal stability and
solubility of the AuNPs. However, translating this into a computational model requires an
accurate description of any covalent, semi-covalent and/or van der Waals interactions
between relevant gold facets and the ligated molecules. The recent development of citrate
parameters for gold has enabled a more realistic representation of the functionalised gold
interface in full atomic detail.232250 Despite recent experimental efforts,25! structural
information about citrate anions adsorbed onto Au surfaces is still limited. From a
modelling perspective, the net negative (-3e) charge of each gold-adhered citrate molecule
contributes to the electrostatic forces present at the gold interface and therefore it is
important to carefully consider the structure and arrangement of the adlayer.
Computational studies that have looked into this differ in their treatment of the underlying
gold core’s surface charge. For example, Wright et al. assumed a neutral gold surface to
investigate a range of citrate densities adsorbed at the aqueous Au(111) interface using MD
simulations.252 Their work showed that citrate overlayers are disordered, and many of their
key characteristics, such as the formation of 3D rather than 2D morphologies, are invariant
with surface density (Figure 2.6a). Generally, the anions closest to the Au surface oriented
with their carboxylate groups pointing away from the surface. The authors postulate that
from their findings they expect small biomolecules interacting with citrate-coated AuNPs to
coadsorb at the Au-citrate interface, rather than (or as well as) displace the adsorbed
citrates. In contrast, Brancolini et al. studied the interaction between f;-microglobulin
(B2m) and a citrate-coated 5 nm AuNP, using a positively charged gold core (corresponding
to electrochemistry experiments).253 Their simulations showed rigid structuring of the
citrate layer without any displacement from the surface (Figure 2.6b). Repeating their
simulations using charge neutral gold led to qualitatively similar results for the mechanisms
of interactions between protein and citrate-capped gold; however, the positively charged

gold core resulted in better agreement with the NMR data for f,m.253

Utilising Brancolini’s approach,253 Wang et al. performed explicit solvent MD simulations of
amylin (hIAPP) interacting with both neutral and charged citrate-coated Au(111) and
Au(100) surfaces.?5* Their simulations showed different protein behaviour on the charged

and neutral surfaces; however, irrespective of the gold facet and surface charge, the N-
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Figure 2.6 | Examples from the literature showing the strong dependence of Au(111) citrate
adlayer structuring on the overall charge of the gold surface. (a) Citrate assemblies of varying
surface densities on a neutral Au(111) surface. Adapted and reproduced with permission.z>2 Copyright

2014, American Chemical Society. (b) Initial (left) and final (right) citrate distribution on a positively
charged Au(111) surface. Reproduced with permission.2>3 Copyright 2015, American Chemical Society.

terminal region of amylin consistently displayed preferential binding to the citrate-capped
gold surface. This example highlights that a careful consideration of the surface and
functional layer treatment in computer simulations of Au surfaces in solution is required. In
a different study, the binding orientation of a-synuclein to a 12 nm AuNPs coated with
anionic citrate and cationic (16 mercaptohexadecyl) trimethylammonium bromide (MTAB)
was investigated using NMR spectroscopy and MD simulations,255 where the interactions
between the gold and the rest of the system were represented by van der Waals interactions
only (Figure 2.7). Similar to Wang et al.,?5* their results showed that the N-terminal region
of a-synuclein interacted favourably with the negatively charged citrate-protected NP, while
the C-terminal region was strongly attracted to the MTAB coated NP. Despite the lack of
treatment of polarisation effects or crowding effects of neighbouring proteins, the
simulations were in agreement with the NMR results that suggested a reversal of protein

binding orientation upon changing the AuNP surface charge.

A well-established technique to conjugate molecules to AuNPs and AuNCs in order to
introduce new functionalities is a reaction known as ligand exchange.?5¢ In an interesting
QM/MM study by Rojas-Cervellera et al., the mechanism for ligand exchange of a glutathione
molecule in [Auzs(SG)is]~ (where G = glutathione) to a protein fragment of an anti-influenza
antibody was studied.?5” The findings of their work showed which glutathione peptide
ligand will be preferentially substituted and that it occurred through a mechanism which

involved a proton transfer. Classical MD simulations have also been useful in characterising
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the binding mechanisms of peptide functionalised-AuNCs with various proteins.258-260
Others have provided insight into the mechanisms of direct electron transfer between redox
proteins and electrode surfaces, which play an important role in bioelectrocatalysis,

enzymatic biofuel cells and biochips.261-264

2.3.2 Targeted Applications: Biomedical Materials and Devices

Self-assembled monolayers (SAMs) impart functionality to underlying gold nanostructures
that can be tailored for specific applications. Much work has been done both experimentally
and computationally to characterise SAMs on AuNPs.’8 In many cases the NP simply acts as a
carrier vehicle and it is really the structure and properties of the functional layer and/or
corona formation that are of interest for applications. Depending on the AuNP surface
coverage density, and the length and type of the conjugates, the solvent-exposed outer
functional layer of a SAM may be minimally affected by the Au surface due to relatively long
separations from the NP surface itself. Although not ideal, this means an explicit
representation of the AuNP interactions with the environment may not be necessary and as
such specific Au surface-bio parameters can be completely omitted from some simulation
models to reduce computational cost. Several studies have employed this approach and

their results were well correlated to experiments.

For example, experimental protein assays and MD simulations were used to investigate the
adsorption of cytochrome C (Cyt C)2¢5> and lysozyme (Lyz)2¢¢ onto SAM-protected AuNPs
with only the monolayer being represented explicitly. In these studies, the SAMs had regular
nanoscale variations of hydrophobic octanethiol and hydrophilic mercaptohexanol ligands

(Figure 2.8a), and the simulations revealed that amphipathic, amine-containing, amino acids

a b

N-terminus

C-terminus *

7 - -
C-terminus " 10 A

Figure 2.7 | One of the largest all-atom models of protein-gold nanoparticle systems to date
showing a-synuclein interacting with 12 nm AuNP. The functionalisation of the AuNP is (a) citrate
(negative) ligands, and (b) MTAB (positive) conjugates. Reproduced with permission.255 Copyright 2015,
American Chemical Society
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Figure 2.8 | Exemplar in silico all-atom models where AuNPs feature as non-functional substrate
carriers. (a) Nanopatterned surface selectively interacting with proteins. Reproduced with
permission.266 Copyright 2013, The Royal Society of Chemistry. (b) Peptide-functionalised nanoparticle
used as cell-permeating agent. Reproduced with permission.2¢8 Copyright 2013, American Chemical
Society. (c) Mixed alkanethiol-coated AuNP embedding into a lipid bilayer. Reproduced with permission.
269 Copyright 2015, Royal Society of Chemistry.

facilitated direct protein adsorption to the nanostructured surfaces. Specifically, lysine
played a significant role in the selective adsorption of Cyt C onto the nanostructured
surfaces,265 while for Lyz, it was the amphipathic character of arginine that enabled the
protein to form close contacts with both polar and non-polar surface ligands
simultaneously.2¢6 In a separate study using the same AuNPs, it was shown that nanoscale
structuring had an appreciable effect on the local organisation, structure and energetics of
the interfacial solvent.267 Collectively, these findings suggested that nanopatterned surfaces
are able to be designed with interfacial hydrophobicity that can selectively interact with
different proteins, and in particular amphipathic amino acids can be used to engineer

synthetic proteins for selective adsorption on nanopatterned surfaces.

Nanoparticle functionalisation with cell-penetrating peptides, such as the transcription
transactivation TAT peptide from the human HIV-1 virus, has proven to be a good strategy
in the development of drug delivery vehicles, albeit with variable performance.270-272 [n a

conjoined experimental/computational study that also features AuNPs as non-functional
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substrate carriers, the effects of TAT peptide concentration and distribution on small
pentapeptide-functionalised (CALNN) AuNPs was investigated.268 Here the NP was modelled
as a neutral sphere commensurate in size to a 3 nm AuNP, and the interactions between the
CALNN-TAT peptide layer and the solvent were the primary focus of the simulations. The
results provided evidence that the TAT concentration and distribution on the NP surface
distinctly influenced the properties of the peptide layer in solution and this directly
correlated with the AuNPs’ experimentally determined cell internalisation capacity (Figure
2.8b). This study demonstrated the need to control the structure and dynamics of functional
peptides in solution in order to achieve the desired membrane-permeating activity of

peptide-functionalised NPs for efficient drug delivery.

To study the spontaneous fusion and membrane permeation characteristics of monolayer-
protected AuNPs, many have used all-atom as well as simplified modelling approaches.273-276
A recent coarse-grained (CG) study by Quan et al. showed that the asymmetry of lipid
membranes and the surface chemistry of AuNPs have an important role in how the two
species interact.2’7 In this work, the AuNP anionic/cationic nature was found to control
whether the particles adhered to the membrane surface or penetrated to the membrane
core, and the asymmetric distribution of charged lipids in membranes helped facilitate NP
permeation. Pioneering research by Van Lehn et al utilising CG2?78 and atomistic
simulations269.274.279-283 also predicted the unbiased behaviour of ligand-functionalised
nanoparticles interacting with cell membranes (Figure 2.8c), for drug delivery and
biosensing applications. Their investigations showed that the interaction with solvent-
exposed lipid tail protrusions is the transition step for AuNP insertion into defected and
pristine bilayers. They also identified several methodological issues of importance in
studying NP-bilayer interactions:269 (1) in free energy calculations of NP insertion, while the
NP-bilayer distance may be the more-widely used (and logical) reaction coordinate,
considering only the distance can result in missing the subtle interplay of lipid and ligand
fluctuations;163.174 (2) there is a necessity for free boundary conditions to accommodate the
asymmetric insertion of NPs via the hydrophobic effect, which generates bilayer curvature;
and (3) accurate atomistic models capable of representing ligand flexibility and
electrostatics interactions are required in order to resolve bilayer interior to aqueous
solution dielectric constant differences, and the corresponding free energy cost for exposing

charges to a low dielectric environment.

Experiments have also shown that functionalised AuNPs can be used for DNA sensing
applications.284 In particular, Mirkin and co-workers exploited DNA-AuNPs to develop a

highly selective colourimetric diagnostic method for DNA detection.285 Other applications
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are similarly expected to arise as a result of advances in the preparation of crystalline
materials based on DNA-linked particles and computational insight. Even though these are
challenging materials to describe due to their complexity, size, and the polyelectrolyte
character of DNA, important progress has been made using all-atom and CG MD simulations,
as demonstrated in a perspective by Lee et al.286 For example, MD simulations have been
used to characterise the conformation DNA adopts when linking AuNPs to form nanoparticle
superlattice crystals.287.288 Lee et al. showed that double-stranded DNA molecules transition
from A-form to B-form when connected between two Au(111) surfaces irrespective of salt-
concentration or mechanical constraints imposed by the separation distance between the
surfaces.287 Using much larger, million-atom MD simulations, Ngo et al. studied different
supercrystals of DNA-functionalised 3 nm facetted AuNPs in water.288 Their work
demonstrated noticeable differences in the linking DNA structure from that of B-form DNA

due to DNA contraction, deviation in base-base stacking and hydrogen bond breaking.

2.3.3 Benign-by-Design: Nanotoxicology

Understanding possible adverse effects of inorganic particles on the normal structure and
dynamics of biomolecules is crucial for any medical application. Nanoparticles and clusters
can affect the structure of proteins and ultimately their function.289290 Furthermore, due to
the large surface-to-volume ratio of NPs, they can promote a locally increased concentration
of proteins and facilitate the formation of insoluble amyloid aggregates.291 These amyloid
fibrils are associated with many debilitating diseases?92 and recent studies suggest that
depending on their size, shape and chemistry, nanoparticles may either facilitate formation
of these toxic species291.293 or ultimately be used as therapeutic agents for the treatment of
amyloid-type conditions.33.65,110,294 [ either situation, any biomedical application requires a
detailed understanding of the complex interactions at the bio-nano interface. One of the
initial computational studies of amyloid peptide interactions with AuNPs is that of Hoefling
et al. where the GolP FF was used to study the adsorption mechanism of amino acids and £-
sheet forming polypeptides on an Au(111) surface.233.295 Their results showed that amino
acids with an intrinsic propensity to form f-sheets were “predisposed” to interact with gold
surfaces. The latter work revealed that the adsorption of S-stranded peptides occurred in a
stepwise mechanism on the polarised Au(111) surface, where the positively charged amino
acid arginine facilitated the initial contact formation between the protein and gold surface.
The observation of a very fast and strong adsorption indicated that in a biological matrix no
bare gold surfaces will be present, instead the biomolecular corona and bioactivity of AuNPs
will critically depend on the history of particle administration and the proteins present

during initial contact between gold and biological material.
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More recently, Brancolini et al. presented comprehensive studies based on experiment and
multiple levels of theory, including: docking by Brownian dynamics; Poisson-Boltzmann
electrostatics calculations; and enhanced atomistic MD molecular simulations; to study the
B>m protein in the presence of charged (citrate-capped) AuNPs253 and hydrophobic (thiol-
protected) AuNCs222 (Figure 2.9). Their simulations showed that the interaction of f,m with
the charged surface of citrate-capped AuNPs did not disrupt the structure of the protein and
did not form any unfolded amyloidogenic intermediates. Moreover, the MD results
suggested that in a low pH environment the effects of certain protonated residues (HISz: in
particular), which are known to destabilise the protein toward amyloidogenic
intermediates, are enhanced by the interaction with the negative citrate surface. Similar to
their previous findings on hydrophobic AuNCs,?22 this work highlighted that AuNP surfaces
may provide either stabilising or destabilising effects with respect to amyloidogenic
proteins and to control the outcome, a proper balance of electrostatic and hydrophobic

interactions between the NP surface and protein is essential.

Since the ground breaking publication by Dawson et al.,''s it is well recognised that in
complex biological milieu NPs adsorb a biomolecular corona which changes their
physicochemical properties and confers upon them a new (and changing) bio-identity,
different from their properties when in pristine form (Figure 1.6). Recent experimental
research shows that corona-coated AuNPs significantly reduced the amyloid inhibitory
effects of the same bare NPs,29 while other corona-coated NPs, such as graphene oxide,297
silica, polystyrene and multi-walled carbon nanotubes,298 showed higher inhibitory effects
on amyloid-p fibrillation compared to the bare particles. These studies suggest that in order

to obtain a more accurate insight into the therapeutic or toxic effects of NPs, it is necessary

Figure 2.9 | Computational studies investigating how an amyloid fibril forming protein responds
in the presence gold nanomaterials. (a) fB;-microglobulin (f.m) interacting with a citrate-coated
nanoparticle modelled as a dielectric sphere and in all-atom detail. Reproduced with permission.253
Copyright 2015, American Chemical Society. (b) S2m interacting in six favourable ways with all-atom
[Auzs(S(CH2)2Ph)1g]~ (where Ph = phenyl = C¢Hs) AuNCs. Adapted and reproduced with permission.222
Copyright 2014, Royal Society of Chemistry.
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Number of adsorbed insulins

Figure 2.10 | Coarse-grained simulation study to study an insulin protein corona formation on 5
nm AuNP. a) The number of insulin proteins bound to the citrate-coated AuNP during the simulations at
different protein concentrations: 10 (blue), 20 (green), 34 (red), 50 (cyan), 70 (purple), and 100 (brown).
b) Snapshot of the protein corona (20 insulin molecules) formed on the citrate-coated AuNP. Reproduced
with permission.3! Copyright 2015, American Chemical Society.

to investigate the biological effects of the protein corona—NP complex. Mahmoudi and co-
workers suggested that appropriate handling of the physicochemical properties of NPs is a
promising strategy to tune the protein corona decoration, and consequently, its effect on the
fibrillation process.2?8 The mechanisms of corona formation are complex and depend on
many parameters, such as: physicochemical properties of the NP (size, shape, composition,
surface decoration, and surface charges); the nature of the physiological environment
(blood, cell cytoplasm, etc.); and the duration of exposure. For computational modelling, the
temporal and spatial resolutions of all-atom simulations are unable to provide insight into
all parameters at the same time,2%° while CG simulation methods can accommodate a few
parameters with reasonable computational expense at the cost of atomistic detail.236300
Tavanti et al. employed CG simulations to study protein corona formation on multiple
citrate-coated AuNPs by two of the most abundant plasma proteins, insulin and fibrinogen
(Figure 2.10).301 Their simulations included 10-100 insulin and 1-8 fibrinogen proteins in
the presence of 5 nm AuNPs. Using this simplistic approach they were able to explore the
protein concentration effects on NP adsorption, the competitive binding process of the two
proteins on the NPs, and the dual NP binding to fibrinogen in comparison with experiment.
In a similar work, CG simulations were used to study ubiquitin corona formation on AuNPs

of different sizes (10, 16, 20 and 24 nm diameters) in bare and citrate-coated form.302

It is evident that advances in simulation algorithms and “petascale” computing capabilities
are moving the atomic resolution models of biological systems into the million-to-billion
atom regime, providing insight into the structure and real time evolution of supramolecular
complexes. A recent review highlights the progress driven by large-scale MD simulations in
applications ranging from cell biology and health sciences to biofuel production,33 re-

emphasising the ever-increasing role of simulations as a ‘computational microscope’30+
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complementary to experiments. These and other examples highlight the ability of
theoretical simulations to help derive the understanding necessary for designing Au
nanomaterials for precise targeting in biological medium while avoiding undesirable non-
specific adsorption processes. The growth in successful applications of computational
studies in conjunction with experiments will enable the “benign-by-design” concept for

nanomedicine to become a reality sooner rather than later.

2.4 Conclusions and Context of the Thesis

Through a multiscale molecular modelling approach, electronic, atomistic, and coarse-
grained levels of treatment can offer a multidimensional view of the complex bio-nano-gold
interface. Indeed, while the number of computational works targeting the Au-bio interface
at varying levels of theory has drastically increased in recent years, an all-encompassing
comprehensive knowledge of these systems has not yet been realised. This is largely due to
serious challenges associated with the computational approaches themselves as well as the
huge variability in possible Au nanostructures and even greater variety of their biomedical
applications. Nevertheless, DFT and ab initio based methods (Section 2.2) have been hugely
beneficial for investigating the optical (e.g. fluorescent and plasmonic), chemical (e.g. thiol
functionalisation and “staple” formation) and physical (e.g. morphological) properties of
engineered AuNPs and AuNCs which inherently involve electronic effects. On the other
hand, classical mechanics approaches (Section 2.3) have revealed imperative information
into the packing of ligands onto NP surfaces, as well as the conformational responses of
proteins and lipid bilayers to the presence of the AuNPs, which are largely governed by
physical interactions (e.g. electrostatic and van der Waals forces). Coarse-grained
simulations have also been tremendously helpful when the packing and self-assembly of
ligands, or the AuNPs themselves, become the point of main interest, even though there is a
sacrifice of chemical detail. Despite all current approximations and limitations, multiscale
molecular modelling has been able to provide non-intuitive insights in the nano-bio
interface structure and properties at the electronic and all-atom levels that were not
achievable through any other techniques, and will therefore remain an indispensable tool

for obtaining fundamental knowledge of gold (and other) nano-bio systems.

In general, there is still a substantial gap in the scientific knowledge relating to the
underlying principles and molecular mechanisms that govern:

1. How biomolecules (especially peptides) interact with gold nanomaterials?

2. How specific Au-biomolecule interactions affect the particles’ optical properties?
Therefore, the aim of this thesis is to apply a systematic approach using classical molecular

dynamics techniques (Chapter 3) to investigate the structural, dynamic and thermodynamic
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properties of Au-bio interfacial systems and contribute to the overall understanding of
these organic-inorganic materials in targeted applications. This is achieved through the
exploration of three distinct functionalised gold nanomaterial systems, including: plasmonic
peptide-coated AuNPs useful for the colorimetric sensing and diagnosis of diseases (Chapter
4); fluorescent peptide-coated AuNCs with potential for biosensing and cellular imaging
(Chapter 5); and alkanethiol-protected fluorescent AuNCs for targeted drug delivery and
cellular imaging (Chapter 6). The outcomes of this thesis describe the intricate interactions
that occur on the nanoscale and offer interesting atomistic insights that aid the development

and design of new gold nanomaterials within biological settings.
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Chapter 3:
Computational Methodologies

A methodological overview of physics-based computational procedures used for
investigating Au-bio systems under various conditions is presented. Focus is given to all-
atom classical molecular mechanics and molecular dynamics techniques due to their
application in the studies presented in this thesis (Chapters 4-6). Sections 3.3.1-3.3.3 are
published in the journal Small and reproduced in part with permission.2 Copyright 2016,
Wiley-VCH Verlag GmbH & Co. Details identifying the individual contributions each co-
author made to the Understanding and Designing the Gold-Bio Interface: Insights from

Simulations publication? are given in the opening outline for Chapter 2.

3.1 Introduction

Molecular modelling is an umbrella term that embodies all theoretical computational
methods that mimic the behaviour of electrons, atoms, and molecules to describe
(sometimes very complex) chemical systems. These approaches are a powerful tool (ideally
in complement with experimental data) to understand, explain, and provide perspectives
that yield new information at temporal and spatial resolutions, and well controlled
environmental conditions, that are unachievable with any other technique. As described in
Chapter 2, and perfectly encapsulated in Figure 2.1, different levels of theory are able to
probe distinct gold-biomolecular phenomena and mechanisms. This chapter gives an

informative summary of these methodologies.

First a brief synopsis of the various types of quantum mechanical (QM) techniques available
to perform molecular modelling is delivered. Then, in Section 3.3, a detailed discussion of
classical molecular mechanics (MM), its underlying methodologies and general concepts is
presented. Following this, in Section 3.4, emphasis is placed on the algorithms that govern,
modulate, and maintain the physics of a classical molecular dynamics (MD) simulation, a
method that is applied extensively throughout this thesis. Finally, a succinct generalised

procedure outlining the steps used to construct molecular models and perform MD is given.

3.2 Quantum Mechanical Methods

The concepts of QM are non-trivial to understand and this section was written with the aid

of many references.305-309 Unfamiliar readers are encouraged to consult them.
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3.2.1 Basics of Quantum Theory
All matter is described at a fundamental level by quantum mechanics and underpinning all

QM is the multi-body wavefunction:
Y(ry,ry, ..., t) (3.1)

Here, ry, 1y, ... etc. are the (x, y, z) positions vectors of all fundamental particles in the
system (electrons, protons, neutrons) and the wavefunction evolves in time, t. In other
words, a wavefunction is a mathematical function that describes the quantum state of a
system. Through the wavefunction all information about the system (e.g. particle positions,
momentums, and/or spins) can be determined, albeit in a probabilistic sense. The physical
significance of the wavefunction is that it's square, W2, provides a probability distribution for
finding particle one at ry, particle two at r,, etc. for a given time. Note that a wavefunction
describing an electron (or pair of electrons) in an atom is often called an atomic orbital

whereas a wavefunction describing an electron in a molecule is called a molecular orbital.

Most QM calculations are focused on determining an approximate, time-independent form of

a system’s wavefunction by solving the time-independent Schrédinger equation:
AW¥(r) = E¥(r) (3.2)

where H is the Hamiltonian operator acting on the system’s wavefunction ¥ that depends
only on particle positions, r, and E is the total energy of the system. An “operator” is simply
the mapping of one function to another function and in QM, all observables (like energy,
momentum, velocity etc.) are formulated as operators. In Equation 3.2, the Hamiltonian
operator (known as the total energy operator) is itself is a sum of two other operators, the
kinetic (T) and the potential (V) energy operators:

_h2 52

A=T+V=—-——=+V(r)

2m 0r? (3.3)

where # is Planck’s constant, m is particle mass and V is potential energy.

There are many eigenfunctions (wavefunctions) with corresponding eigenvalues (energies)
that satisfy Equation 3.2 for a particle confined in a potential (e.g. an electron in an atom).
Each ¥ and E solution gives a stationary (equilibrium) state of the quantum system and this
importantly implicates that there is a different wavefunction (1, Y2, Y3, ...) for each allowed
energy (E1, E», E3, ...) in a system, meaning electron energies are quantised not continuous. In
most cases we would like to solve the Schrodinger equation for the ground-state of a system,

i.e. we want to find the wavefunction (1) that has the lowest associated energy (E1).
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3.2.2 Common Approximations

To solve Equation 3.2 and obtain properties for a system of interest, it is first necessary to
make several simplifications to the form of the wavefunction and Hamiltonian. The types
and degrees of simplifications made give rise to different classes of QM techniques. There
are theoretical approximations that, in principle, limit the accuracy of the methods that use
them and there are computational approximations that reduce the cost of computational
resources at the expense of numerical accuracy. Equation 3.2, already implies the neglection
of relativistic effects and the separation of time and position variables to produce a time-

independent relation, however, a few more QM approximations are still needed.

The Born-Oppenheimer approximation310 is a theoretical simplification that assumes nuclei
are infinitely heavier than electrons and allows for the Schrédinger equation to be solved
assuming that nuclear positions are fixed, i.e. 