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Abstract

The thesis investigates the interactions between thiolated metal nanoparticles (electroactive
and non-electroactive ligands), and complex thiolated polymeric gold nanoparticles with lipid
membranes (artificial lipid models and biological bacterial cells) as a potential tool for drug

carriers.

Nanoparticle (NP)-electrode collision behaviours of thiol-capped metal NPs on gold electrodes
were investigated using Resonance Enhanced Surface Impedance (RESI) and
Chronoamperometry (CA) in microfluidic cells setup with integrated electrodes. Factors such
as flow rates and ligand electroactivity were found to have a significant impact on the NP-
electrode collision events. The NP-electrode collision events of non-electroactive
dodecanethiol (DDT) NPs were detected either as agglomerates or individual particles
depending on their nano-impact sizing characteristics. While the introduction of electroactive
ligands, w-ferrocenylhexanethiolate (FCHT), generated NP-electrode collision events under

potentiated electrode conditions (oxidising potential for ferrocene).

The investigation of the penetration behaviour of thiol-capped AuNPs (electroactive and non-
electroactive) through artificial lipid membranes were undertaken using AFM, RESI and
electrochemical techniques. The tBLM models were incubated in NPs solutions at different
time intervals and the results revealed that NPs adsorption was the first stage of NPs-
membrane interactions which was followed by lipid defects formation for the penetration of
NPs through the lipid membrane, then lipid collapse and/or membrane displacement by NPs
monolayer. The other investigation on the effect of NPs size (FCHT-AuNPs) on NPs-
membrane interactions revealed that small NPs (5 nm) have non-destructive penetration
behaviours, whereas larger NPs (10 and 20 nm) caused irreversible changes to the lipid

membrane.



The investigation on the effect of NPs surface charge on NPs-membrane interactions with
complex thiolated polymeric AuNPs revealed that the AuNPs containing bulky aromatic
cationic ligands were not able to penetrate through tBLM models whilst aliphatic cationic
ligands altered the membrane’s architecture as they penetrated through. MIC assay
investigation using biological bacterial cells (E. coli) concluded that the presence of bulky

aromatic substituents play a role in inhibiting bacterial growth.
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Introduction

1. Introduction

Nanotechnology has allowed researchers to reduce materials to their nanoscale and, with the
newly found characteristics of these nanomaterials, these can then be used to improve,
develop and design new products ideas in a wide range of applications.>? Nanomaterials such
as metallic nanoparticles (NPs) have been reported as promising platform for better targeting,
more selective and more effective drug delivery systems.® This is achieved by modifying the
surface of the NPs with active agents at high concentrations or encapsulating the drug within
a protective sheath that can be manipulated to release its content for more targeted tissue-
specific delivery.®>® Even with the extensive research work undertaken to present about the
clinical applications of NPs as therapeutics, there is still more work to be done in overcoming
the problems associated with NPs more so in their toxicity in terms of long term health risks
that they pose once administered into the human body.® Though metallic NPs has seen a
boom in their use in many applications from cancer therapy treatments to their use in chemical
and biological sensing.” There seems to be limited publication on the interaction of metallic
NPs stabilised with thiolated ligands with lipid membranes. In view of the desirability of NPs
because of their unique properties; when coupled with stable thiol ligands, we hope to gain a
better understanding on such NPs and their penetration behaviour through lipid membranes,
via the use of study of their electrochemical activities at electrode-lipid membrane interfaces.
The purpose of this thesis is to outline the appropriateness of thiol-protected NPs in this

expanding field of sensing as potential tools for drug carriers.

This thesis looks to highlight the interactions between thiolated metal NPs (electroactive and
non-electroactive ligands), and complex thiolated polymeric AUNPs with lipid membranes
(artificial lipid models and biological bacterial cells). The thesis considers how the thiolated
metal NPs and complex thiolated AuNPs interact with artificial lipid models (lipid membranes
immobilised on gold eletrodes) and, how those complex thiolated AuNPs interact with

biological bacteria cells.

Thiolated metallic nanoparticles and their interactions with lipid membranes 1
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My thesis is divided as follows:

Chapter two (2) provides background information on lipid membrane; including an
introduction on the cell membrane as well as the different models that mimic the bilayer lipid
membrane. An overview of NPs, with an introduction to NPs setting the scene on what they
are and the most common synthetic routes. Eventually concluding the chapter on the types of

NPs and their effects on the NP-cell membrane interactions.

Chapter three (3) outlines the different methodologies, techniques and instrumentations used
in the research. Also, this chapter gives an introduction on each technique as well as all

experimental parameters inclusive of the experimental materials.

Prior to investigating the effect and interactions of NPs with cell membrane models, we first
examined the effect of metallic NPs on electrode surfaces. Chapter four (4) reports on the
effect of flow rates on the fate of nanoparticles impacting an electrode surface. Comparison
studies were carried out between silver (Ag) and gold (Au) NPs for both non- and electroactive
functionalised metal cores in the monitoring of NPs collision behaviours using two techniques;
a well-known technique called particle Chronoamperometry and a more novel method called

Resonance Enhanced Surface Impedance (RESI).

In chapter five (5), the research focused on determining the penetration behaviours of AUNPs
(both non- and electroactive functionalised) through artificial lipid membrane models (tethered
lipid bilayer immobilised on gold electrodes). The focus was on AuNPs due to their low
heterogeneity as well as their commercial availability in different sizes. The techniques that
enabled the studies to be undertaken included atomic force microscopy (AFM),
electrochemical techniques, such as cyclic voltammetry and differential potential voltammetry

and RESI.

The next logical step was to investigate the surface functionality of NPs and how these affect
cell membranes. Chapter six (6) reports on how differently functionalised (charged, aromatic

and non-aromatic) AuNPs interacted with both artificial cell membranes and real bacterial
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Introduction

cells, Gram-negative Escherichia coli (E. coli) bacterial cells using different techniques; Quartz
crystal microbalance (QCM), RESI and electrochemical impedance spectroscopy (EIS) for the
studies on artificial membrane models i.e. tethered lipid membrane (tBLM) on gold electrodes.
And the biological cell studies were carried out with the minimum inhibitory concentration

(MIC) technique is used to investigate of potency of these NPs against E. coli cells.

The final chapter of this thesis, chapter seven (7), includes a general conclusion to the
research work carried out as well as potential future research work that can be developed from

this work.

1.1. References

1 M. Benelmekki, in Designing Hybrid Nanoparticles, Morgan & Claypool Publishers,

2015, pp. 1-14.
2 A. Trafton, MIT News Off., 2018.

3 M. Singh, S. Manikandan and A. K. Kumaraguru, Res. J. Nanosci. Nanotechnol., 2011,

1, 1-11.

4 D. Kumar, N. Saini, N. Jain, R. Sareen and V. Pandit, Expert Opin. Drug Deliv., 2013,

10, 397-409.
5 S. Jain, D. G. Hirst and J. M. O’Sullivan, Br. J. Radiol., 2012, 85, 101-113.
6 M. Fakruddin, Z. Hossain and H. Afroz, J. Nanobiotechnology, 2012, 10, 31.

7 N. Elahi, M. Kamali and M. H. Baghersad, Talanta, 2018, 184, 537-556.
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2. Background Information

Colloids are systems that cannot be observe by a naked eye due to their small particle sizes
ranging in dimensions between few nanometres and few tens of nanometres; generally when
referring to the size of these systems, the particle diameter not the radius is referred to.!
Colloids are found in nature as natural macromolecules: starch, nucleic acids, proteins and
they can be synthesised using different routes tailoring for their dimensions and geometries.?
Colloidal nanopatrticles, or nanoparticles (NPs), have been reported to have a wide range of
application in health, cosmetics, electronics etc® because of the many desired properties that

they hold, as a result there has been a growing interest in the field of research.

For the successful NPs-based applications, it is imperative that properties such as size,
morphology, surface functionality and purity of the NPs are well-defined during the synthetic
route as these will have a great influence over reactivities. Thanks to nanotechnology, it has
been possible to precisely engineer nanomaterials exhibiting fundamental properties such as
“solubility, diffusivity, blood circulation half-life, drug release characteristics, and
immunogenicity* that are required within the field of medicine, therapeutic and diagnostic
applications. As a result, it is imperative that a better and more complete understanding of the
NPs biological interactions is developed through research, thus enabling improved, more

specific and successful treatment pathways that yield minimal side effects.

2.1. An introduction on lipid membrane

Lipid membrane or lipid bilayer also known as phospholipid bilayer is a crucial component of
the cell membrane. It is made up of phospholipid molecules arranged in bilayer formation,
providing the barrier separating the interior of the cell from its external environment. The
structure of the phospholipids is key to the permeability of the cell membrane; with hydrophilic

region exposed to the aqueous environment and the hydrophobic region forming the interior
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of the bilayer (Figure 2.1-1). This bilayer formation impedes large and small polar molecules

from passing through.

The fluidity of the cell membrane is due to the arrangement of individual phospholipid
molecules allowing free movement of molecules within the lipid bilayer, hence its name as
fluid phospholipid bilayer.® The first and accepted model of the lipid membrane is called the
fluid Mosaic model (Figure 2.1-1), which is made up of components other than the
phospholipid membrane including: transmembrane proteins (responsible for transporting
molecules across the membrane); cholesterol (provides cell support and stability as well as
decreases membrane fluidity and permeability); and other proteins (providing cell support,
acting as cell receptors etc.).® The presence of all these components makes for the complexity
of the cell membrane structure; hydrophilic polar head group consists of phosphate group
(P03™) and glycerol molecule (C3HgOs).5 In most mammalian cells, phosphatidylcholine (PC)
is the most common headgroup. It has been reported that the electrolyte ions interact with the
charged lipid head groups; some recorded interactions have been of weak influence, allowing
the free movement of ions along the membrane and other interactions are far stronger causing

the membrane to become rigid.”

Choline )
& o _ polar
N iiond | (hydrophilic
head)
Integral protein Cholesterol
. .
i
I;;Ind _‘ 3 _ nonpolar
ilayer ‘ (hydrophobic
: ? tails)
o Phospholipids \
Peripheral protei - ol
eripheralprotein  nside of cell Phospholipid

Figure 2.1-1: Schematic representation of mosaic model of a fluid lipid bilayer and its constituents;
choline (CsH;4NO*), hydrophobic tails (saturated and unsaturated fatty acids).

Owing to the structural complexity of the cell membrane composition, it has become

necessary to synthetically fabricate lipid bilayers in the laboratories; these are called model
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lipid bilayers, divided into two main models: black lipid membranes and lipid membranes on

solid substrates (Figure 2.1-2).8°

Black lipid membranes Lipid membrane on solid substrates
a) Painting method b) LB method c) Solid-supported d) Tethered
lipid bilayer membrane
air
i i
O

i Eroo .

solution I
/[ | |

/ P substrate
Teflon water

Figure 2.1-2: Conventional methods for the formation of black lipid membranes; a) painting and b)
Langmuir-Blodgett (LB) methods and, the formation of lipid bilayer on solid substrates; c) solid-
supported lipid bilayer and d) tethered membrane.

2.1.1. Black lipid membranes

Black lipid membranes (BLMs) are generally referred to as ‘painted’ bilayer owing to the
method used to form them. There are two main methods for forming BLMs. One of which is
the Painting Technique which is carried out by manually painting the lipids dissolved in an
organic solvent such as n-dodecane across a small aperture (< 1 nm) on the surface of a
hydrophobic polyethylene or Teflon film (Figure 2.1-2a).81° The other lipid formation method
is the use of a Langmuir-Blodgett (LB) trough, by raising and lowering the Teflon film with an
aperture across a reservoir filled with dissolved lipids spread over the aqueous surface,
forming a lipid bilayer membrane at air-water interface (Figure 2.1-2b).° Although the painting
technique is a simple method to carry out without the need of complex or cumbersome
apparatus compared to the LB technique, however, the use of volatile organic solvent (to

dissolve the lipid) hinders the normal function of protein molecules within the lipid bilayer.®

Both ‘painting’ and LB techniques are commonly used methods for the formation of free-
standing bilayer membranes as the main advantage is the lack of unwanted interferences in
the bilayer formed. The ability to access the membrane on both sides, i.e. top and bottom

sides, makes this artificial bilayer model the most consistent model with a living system.%12
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However, the major limitations to the LB technique include short lifetime (only a few hours) of
the membranes due the membranes’ poor stability, its fragile state, as well as the
incompatibility of the solvent used for lipid spreading with proteins such as: G-protein-coupled

receptors and their analogues.*®*

2.1.2. Different models of lipid membranes on solid substrates

In recognition of the fragility and instability of the BLM methods as highlighted above, and to
overcome these limitations, von Tscharner and McConnell*® developed the Lipid Membrane
on Solid Substrates method which involves transferring lipid monolayers onto solid substrates.
This planar membrane model system is considered as more robust and stable than the BLM
model.®*2 ‘Within the model system for lipid membranes on solid substrates, there are three
main types; (solid)-supported lipid bilayers (Figure 2.1-2c), self-assembled lipid monolayers

and tethered lipid-bilayers (Figure 2.1-2d).

2.1.2.1. Supported lipid bilayers

The (solid)-supported lipid bilayers (SLBs) model has become the most popular model of
cell membrane mimic. There are three main methods of forming SLBs on solid substrates: one
method uses the (LB) trough, the other two methods use lipid vesicles fusion to form lipid

bilayer on the substrate.®

In the LB trough technique mentioned above when discussing BLMs, the same protocol can
be used however, in this case, solid substrate is deployed instead of a Teflon film. The
mechanism consists of a dip and pull of the solid substrate into a lipid solution thus enabling

the transfer of the lipid monolayer onto the solid substrate.?

The other method for bilayer formation is by lipid vesicles adsorption and rupture over a solid
substrate (glass?®, oxidised silicon!’ to name a few).241819 Figure 2.1-2c shows the suggested
mechanisms of SLB formation; 1% stage is the adsorption of lipid vesicles on the substrate

surface, 2" stage is either the rupture of lipid vesicles or fusion of vesicles followed by vesicles

Thiolated metallic nanoparticles and their interactions with lipid membranes 7
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rupture and final stage is the formation of a single bilayer on the surface as the vesicles

rupture 820

The SLB models have many advantages over BLMs; they are highly robust, and form more
stable membranes compared to BLMs model, the issue of solvent-protein compatibility is no
longer applicable. Moreover, surface sensitive techniques?' can be used (atomic force
microscopy, quartz crystal microbalance etc.), thus making it a far more favourable model to
use for bio-sensing applications. Some of the limitations to this method of lipid formation
include the non-uniform formation of lipid bilayer on the substrate, the high probability of
defects and holes at the lipid surface, and the inability to use both sides of the substrate once
the bilayer is formed compared to the painted system where both sides of the bilayer are

accessible.1819

Another approach to lipid bilayer on solid substrate is by creating a cushion layer separating
the lipid bilayer and the substrate. This approach is referred to as the tethered lipid membrane

(tBLM).?2 More details about this approach is discussed later in the chapter.

2.1.2.2. Self-assembled monolayers

A monolayer is defined as a thin film (1-3 nm in thickness) made up of particles, atoms or
molecules closely packed together in a single layer. In this process, these particles are said
to arrange themselves to form an organised and structured assembly on the surface of a solid,
a process referred to as self-assembled monolayer (SAM) due to the spontaneous

adsorption of the molecules to form the monolayer.?

SAMs are formed by a chemisorption, adsorption due a chemical reaction between the surface
of the substrate and the adsorbate molecules. There are three parts that constitute SAM
adsorbed layer; the surface group, the alkyl chain and the anchor group (Figure 2.1-3).2* The
surface group or the functional group defines the surface properties; this is the outer surface
of the film thus the group that interacts directly with the bulk solution. The alkyl chain or spacer

group defines the arrangement of the final layer by connecting the surface group and the

Thiolated metallic nanoparticles and their interactions with lipid membranes 8
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anchoring group. This part of the molecule affects the intermolecular interaction and

orientation. The anchor group binds to the surface of the substrate via covalent bonding.

Surface/functional

group

i i Alkyl/spacer
i' | [ group
s s S
Anchor group C S f r‘ \

| )

Figure 2.1-3: Schematic view of constituents of a self-assembled monolayer molecule.

Earlier literature using SAM in their studies included different types of organosulphur
compounds such as: alkanethiols (HS-R-X), dialkyl disulphides (X-Ri-S-S-R2-X) with different
functional (end groups i.e. X) including methyl, alcohol and carboxylic acids.?® These
experiments were the foundation for the characterisation of these systems in terms of their
surface structure, the orientation and organisation of their chains. Selecting the head group
will depend on the type of the applications of the SAM molecule.?* Alkanethiol SAM has
become the most common SAM to be used, due to its desirable characteristics such as its

strong thiolate bond and stable resulting monolayer.

Alkanethiol SAM

Thiol is a compound with hydrogen-sulphur (-SH) group. These compounds are widely used
for SAM on gold as the binding of alkanethiols (CH;(CH,),.SH) to a metal surface occurs via
metal-sulphur bond formation. The most studied alkanethiol SAM is with gold because of the
metal’s inertness, its weak tendency to form oxides and its strong interaction with sulphur

resulting in a very stable monolayer.?® S-Au bond formed is around 50 kcal mol, enabling

Thiolated metallic nanoparticles and their interactions with lipid membranes 9
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the alkanethiol molecules to occupy every available site on the metal surface to optimise its
organisation.

The formation of S-Au bond is not well understood, but it is assumed that starts with the loss
of hydrogen from the —SH group to form thiolate (R-S- group) which is then covalently bonded

to the metal surface thus generating strong thiolate bonding (Eq.2-1).

R—SH + Aub - R— S Au* + 1/, H, (2-1)

The kinetics of this formation is understood to be as follows; the first stage of SAM formation
is when the molecules become adsorbed onto the surface of the substrate; this is a very fast
process. The second stage lasts several hours where the surface of the substrate is saturated
with alkenethiol molecules and, these can organise themselves in order to reach equilibrium
and form an ordered film.25:2

Electron diffraction studies of the monolayer on gold surfaces have revealed a hexagonal
lattice packing arrangement with S--S spacing at approximately 5 A.22 The van der Waals
interaction (the interactions between the neighbouring molecules) is maximised by tilting the
alkyl tail by ca. 30°, determined by FTIR measurements, this also balances the headgroup-
substrate interaction in order to minimise the surface energy.

The formation of alkanethiol SAM on solid surfaces is done by immersing the substrate in an
ethanoic solution of organic thiols (Figure 2.1-4a). The immersion time is dependent on the
nature and concentration of thiols.?%%° Moreover, the quality of the monolayer depends on
many factors such as roughness and cleanliness of the solid substrates to minimise the

formation of defects.?®

Thiolated metallic nanoparticles and their interactions with lipid membranes 10
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a) Self-assembled monolayer b) Tethered bilayer lipid membrane
o Lipid |
/ bilayer | g

———
il
\

oy 'uj;‘-s, \ Adsorption o iy \
\ C'b = \\
Thiol o \

solution T Organisation L

Spacer group

Figure 2.1-4: a) adsorption of alkanethiol on gold substrate for the formation of self-assembled
monolayer (SAM); b) schematic illustration depicting tethered bilayer lipid membrane (tBLM) after its
formation on gold substrate.

The simplest and most common lipid membrane form is of a solid substrate consisting of a
monolayer of alkanethiol to be used as lower leaflet, and forming a stable and rigid
hydrophobic monolayer, followed by a monolayer of phospholipid® Despite the mentioned
benefits of SAM lipid bilayer membrane for their rigid properties, the use of alkanethiol SAM
as lower leaflet hinders fluidic movement of a normal lipid membrane due to the crystalline

nature of the alkanethiol SAM.6

2.1.2.3. Tethered bilayer lipid membranes

The tethered bilayer lipid membranes (tBLMs) encapsulate the advantage of SAMs as
stable and durable systems that can mimic the cell environment i.e. the cytoplasmic
membrane as well as enable the system to have an aqueous layer/reservoir in between the

surface of the substrate and the lipid bilayer thus enabling membrane fluidity.1"31-32

tBLM models are comprised of the lipid group attached to the surface of the substrate; a lower
end of the spacer molecule shown in Figure 2.1-4b has an anchor group that covalently bonds
to the substrate (disulphide and thiol are used with gold and silane is used for silicon and
aluminium surfaces)??; while the other end of the spacer contains alkyl chain, creating a
hydrophobic layer which promotes the fusion with lipid liposomes/vesicles to form tethered

lipid bilayer.33

Since the first report using this system by Lang et al.3*3% their publications presented a new

technique of attaching lipid bilayers on gold surfaces via covalent bonding of the sulphur and
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di-sulphur groups on the thiol molecule to the gold surface. These thiolipid bound models have
been reported to yield stable lipid membranes on gold surfaces which has been found to be
much more robust than BLM models and, they were found to have highly insulating membrane
properties.t”3:37 The discovery of such chemisorbed lipid bilayer on gold surfaces enabled the
incorporation of toxins/proteins®® within the membrane model due to the water layer that
reduces the hydrophobicity of the metal surface, the inclusion of ion channels.®? In this later
study, a new biosensor for the detection of influenza virus was created with gramicidin ion
channels that enabled the detection of target analytes, influenza nucleocapsid protein,* via
cross-linking of the analytes with the gramicidin detectors incorporated within the lipid
membrane. As a result, this membrane model allows for surface sensitive techniques to be

carried out.*°

Moreover, this permits the investigations on the interactions between nanoparticles and cell
membrane which will be discussed in detail in this chapter, and in the general course of this

thesis.

2.2. An introduction to nanoparticles

Metals like gold (Au) and silver (Ag) in their bulk or dispersed state have very desirable
properties such as chemical stability; and thermal and electrical conductivities. However,
these metals (i.e. gold and silver) as nanopatrticles (NPs) have quite different properties from

their bulk or dispersed state which include lower melting point and specific optical properties.*

NPs are defined as clusters of atoms with crystalline structure (metallic nanocrystals)
surrounded by a protective monolayer of organic molecules also known as monolayer-

protected clusters (MPCs); ranging in size from 1-100 nm.42-44

The use of NPs can be traced back to the Middle Ages by craft workers who made use of NPs
to decorate/glaze their potteries and ceramics.* Other uses include application to stained

glass windows for their vivid colours after it was discovered that by controlling certain
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properties (size and shape of NPs) during their synthesis, it was possible to obtain a spectrum

of colours.*?

Optical properties are not the only desirable advantage of NPs over other particles. The uses
of NPs have blossomed over the last few decades and are seen in different fields (such as
cosmetics, fabrics, electronic circuits). Furthermore, another desirable advantage of NPs is its
enhancement of surface reactivity by its ability to yield large surface to volume ratio because
of its small size.*® A way to enhance and harness such physiochemical properties is by surface
modification or functionalisation. Over time, the synthesis of these nanomaterials have
become more reliable and high yielding with the alteration of the particles’ surface functionality
i.e. by changing ligands or capping agents via ligand place- exchange reactions*’*® hence
enabling the particles to have increased affinities and selectivity for specific uses in the
biomedical field with applications positively favoured in imaging, diagnosis and drug

delivery.4°%0

Finally, there is no shortage of disputes between the proponents of the use of NPs in nano-
medicine for their biological activities and critics of its toxic effects, as the physiochemical
characterisations/properties (size, surface charge, shape) of NPs are directed by their
nature.*® The consensus lies in the extensive toxicological studies via the use of experimental
models, both in vivo and in vitro models, of which all nanoproducts must undergo before they

can be considered safe for human applications and the environment.>!

2.2.1. An introduction to metallic nanoparticles

Gold (Au) is a precious metal that has held varied interest throughout history. Initially, it was
because of its visual appearance and malleability thus it was used in the production of
artefacts, jewellery etc.*° Like Au, silver (Ag), also a precious metal has had many uses over

centuries as coins, utensils, electrical conductors and many more.

In 1659, the alchemist, Johann Rudolf Glauber synthesised the first recorded gold colloidal

solution with the reduction of gold salts by tin chloride.>? Since its discovery, colloidal solutions
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have been extensively used over the centuries in various applications.>? This laid the
foundation for the discovery, introduction and study of nanomaterials within the scientific field.
With this new area of research came the understanding and development of new materials
and devices by controlling their dimensions at nanoscale. This has opened up a wide range
of applications for metal nanoparticles.**4 Over the years, there have been many applications
of metal NPs owing to their desirable optical-electronic properties; electronic conductors, drug

delivery devices for medical applications and sensory probes.

Consequently, metal NPs such as Au and Ag possess attractive physical properties because
of their range in sizes and their chemical stability. This has opened an area of interest for
scientists in synthesising such chemically stable compounds that will enable the adjustment

of their surface properties.53

2.2.2. The different synthetic routes for preparing metallic nanoparticles

A way to enhance the properties of metal NPs is by surface modification or functionalisation.
The properties of NPs can be engineered specifically to suit various applications by optimising
the active sites of the NPs surface.®® Such methods can generate novel and interesting
opportunities. Over the years, different methodologies have been developed and used to
synthesise NPs and they are the top-down approaches, and the bottom-up approaches

(Figure 2.2-1).42:55-58
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Figure 2.2-1: Schematic representation of the top-down and bottom-up approaches for the synthesis
of nanomaterials.

Top-down approaches refer to the application of an external force to a bulk material or solid,
leading to its breakdown into smaller particles i.e. nanomaterials. This approach was first
developed and is widely used in the microelectronics industry.>® The main advantage of this
method is the ease at which large quantity of nanomaterials can be manufactured, thus making
more favourable for nanomaterials fabrication in industries.®® However, the disadvantages of
this approach are in the inability to control sizes of the NPs during synthesis as well the

imperfections that can arise in the surface structure of the nanomaterials.>®
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Bottom-up approaches on the other hand, refer to the synthesis of nanomaterials starting
from atoms, gas or liquids that are ‘built-up’, clusters by clusters resulting in nanostructures
yielding uniform shapes and monodispersed sizes.*® The advantage of this approach over top-
down is the likelihood of the nanomaterials being more homogeneous in their chemical
composition and having fewer defects due to the precise control of the molecular structure at

molecular level.>®

Focusing specifically on chemical reduction method as is the simplest and most commonly

used of the bottom up approaches for synthesis of metallic nanopatrticles.

The Turkevich method®® being popular for synthesis of citrate-stabilised metal NPs in solutions

and Brust-Schiffrin method®! for the synthesis of thiol-stabilised metal NPs in organic solvents.

2.2.2.1. The Turkevich method for the synthesis of gold and silver nanopatrticles

Gold nanoparticles preparation using the Turkevich method

In 1951, Turkevich et al.®® synthesised AuNPs using what is now called the citrate reduction
method or the one phase method. This method is one of the most used protocols in the
production of agueous AuNPs suspension in water; the monodisperse nanopatrticles produced
are spherical in shape, with size dimensions of approx. 20 nm in diameter. In this method, the
synthesis is carried out at high temperatures whereby a small amount of hydrogen
tetrachloroaurate also known as choloroautic acid (HAuCl,), reacts with aqueous solutions of
sodium citrate and ascorbic acid which act as reducing agents. The sodium citrate also acts
as the ligand stabiliser in ensuring the production of monodispersed AuNPs. As Au(lll) is
reduced to Au(0), the citrate ions stabilise the AuNPs by binding onto their surface by

electrostatic repulsion.

In 1973, Frens®? used the Turkevich method as a template to base his research on expanding
the wide range in size of the produced AuNPs; which was previously between 10-50 nm. The
results from Frens’ research showed that by changing the citrate:gold ratio, this influenced the

size of the produced AuNPs (ranging from 16-147 nm). Further revision of the Turkevich
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method was carried out by Kimling et al.®® in 2006 in achieving AUNPs with size ranging in

dimensions between 9-120 nm.
Silver nanoparticles preparation using the Turkevich method

AgNPs have been prepared using the Turkevich method in the reduction of silver nitrate
(AgNO:3) by sodium citrate, yielding aggregates of different shapes with sizes ranging from 60-
200 nm.%4% in this synthetic route, the sodium citrate acts as both reducing agent and
stabiliser, resulting in such a wide range of clusters being formed and making the method
unreliable in terms of size control. Tali Dadosh improved the method by adding tannic acid
with the reducing agent to prevent the agglomeration of AgQNPs, which decreased the average

NP sizes with sizes ranging from 18-27 nm.%¢

The major drawback of the Turkevich method were the inability to control the sizes and shapes
of the NPs during synthesis; smaller particle sizes were difficult to obtain, and the production

of larger NPs was to the detriment of monodispersity and shape of the colloidal solution.®”

2.2.2.2. The Brust-Schiffrin method for the synthesis of gold and silver nanoparticles

Gold nanoparticles preparation using the Brust-Schiffrin method

The synthesis of was developed by in 1997, Brust and Schiffrin synthesised AuNPs and the
two-phase method or Brust-Schiffrin method® was developed. The advantage of the new
method enabled the synthesis of AUNPs which were thermal and air stable with core size
ranging from 1-3 nm in diameter (thiol:gold mole ratio of 1:1). Moreover, these could be
isolated, dried, and re-dissolved in organic solvent without particles aggregating or

decomposing.

This method was carried by reacting a solution of tetraoctylammonium bromide (TOAB), made
up in toluene, with HAuCl, then adding sodium borohydride and a strong binding agent such
as 1l-dodecanethiol. TOAB is used as a phase-transfer catalyst, a reagent used in a
heterogeneous reaction to facilitate the change in phase of the reactants by forming micelles
that contain water in the toluene thus enabling NPs to grow; HAuUCI, is transformed from
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agueous phase to organic phase. Alkanethiol is used as capping agent or stabiliser in
stabilising the NPs being formed as well as preventing their aggregation. Polymers such as
alkanethiol are good capping agent as they cover a large surface area of the NPs. Au(lll) is
reduced to Au(l) by the addition of alkanethiol (1-dodecanethiol), this is further reduced to

Au(0) with the addition of by sodium borohydride.

Another method was developed by the team using bi-functional organic thiol compound called
p-mercaptophenol for the one-phase method which eliminated the step in the synthesis for the
extraction of the compound into alkaline aqueous solution, thus allowing the direct
functionalisation of the metal core.® This method yielded stable thiol-stabalised Au clusters

ranging in sizes from 2.4-7.6 nm.
Silver nanoparticles preparation using the Brust-Schiffrin method

Although, thiolated ligands are not the most common stabilisers for AgNPs, citrate, with the
most used being ‘polyvinyl alcohol, poly(vinylpyrrolidone), bovine serum albumin, citrate, and
cellulose™!. The drawback of these colloidal solutions was of the inability of the synthetic
routes to yield NPs of narrow size distribution, many of the NPs prepared were agglomerates
or clusters with sizes >10 nm. Seen that thiol stabilised AUNPs produced via Brust-Schiffrin
method yielded stable and monodispersed NPs of smaller sizes, Murthy et al.®® proved that
AgNPs stabilised by dodecanethiol ligands can be obtained; adding an ethanoic solution of
silver perchlorate with the stabiliser and sodium borohydride (NaBH,, reducing agent), the
synthesis was carried out under argon atmosphere. The NPs yielded average sizes ranging
from 1.5 to 4.5 nm. Kang and Kim’® modified the method further an compared the synthesis
of dodecanethiol stabilised AgNPs using one-phase and two-phase systems. The difference
in their synthesis was in the one-phase system, ethanoic solutions of silver nitrate and sodium
borohydride (reducing agent) were added with the thiol agent (dodecanethiol) as stabiliser to
produce AgNPs with average size of 7.9 nm. However, the two-phase system was carried out
by the vigorous shaking of aqueous silver nitrate and hexadecanesulfonic acid in toluene (acts

as a phase transfer agent/catalyst), followed by the reducing and stabilising agents (sodium
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borohydride and dodecanethiol respectively) after the agueous phase was decanted which
yielded NPs with average size of 7.7 nm. Their findings predominantly yielded NPs that are
stable and, with comparable sizes. Although Kang and Kim’s methods did not yield NPs <5
nm compared to Murphy and co-workers, however, the modified method from the duo (one-
phase system) negated the use of a phase transfer agent as a result, simplifying the synthetic
route. Following the one-phase system, Farrell et al.”* synthesised dodecathiol stabilised
AgNPs ranging in average size from 3-30 nm; silver nitrate as precursor, sodium borohydride
as reducing agent and dodecanethiol as stabilising agent. As their study investigated the effect
that varying reducing agent and stabilising agent concentrations at constant silver salt
concentration have on the formation of AgNPs. They concluded that the lower the ratio of
[NaBH4]/[AgNOs] or [DDT]/[AgNO3], the bigger the NPs as the more prone the synthetic route

is to produce clusters or aggregates with average sizes between 10-30 nm.

2.2.2.3. Other synthetic routes for the preparation of alkanethiol stabilised metallic
nanoparticles

Using the thiosulfate protocol for the synthesis of metal nanoparticles

In this method, silver nitrate is reduced by sodium borohydride; this reaction generates borate
ions which temporarily stabilising the surface of the NPs by providing an electrostatic layer on
the surface thus preventing the newly formed colloidal particles from aggregating. Sodium S-
dodecylthiosulfate is added to the solution where the S-dodecylthiosulfate ligands undergo
bond cleavage (S-SO3) as they react with metal core, to become dodecanethiolate ligands,
to form stable alkanethiol stabilised AgNPs with average size of 3.3 nm.”2"3 The alkanethiol
stabilised AuNPs (with average core size 3.6 nm) were synthesised via the reduction of
HAuUCl: by NaBH4, with the stabilising agent being sodium S-dodecylthiosulfate, as a one-

phase system without the need for the phase transfer reagent.’?’4

The synthesis of platinum, palladium and iridium NPs stabilised by alkanethiol following the

thiosulphate protocol were carried out using two-phase systems. Potassium
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tetrachloropalladate was used as the precursor for the synthesis of palladium NPs (ranging in
average core size between 2-3 nm), was reduced by NaBHy. in toluene/water with sodium S-
dodecylthiosulfate as stabilising reagent and TOAB as phase transfer reagent.”>’> For the
synthesis of thiol-stabilised platinum NPs, dihydrogen hexachloroplatinate (IV) was the
precursor and the solvent was dichloromethane instead of toluene; the synthesis yielded NPs
of average sizes between 1.5-2.0 nm.”?’® The synthesis of dodecanethiolate stabilised iridium
NPs was carried out following the reduction of potassium hexachloroiridate(IV) with NaBH, in
toluene, stabilised with thiosulfate ligands. The preparation of the NPs was done in a 60 °C
water bath and the newly synthesised NPs were characterised by TEM with 1.2 nm as the

average core size.’>’’

San and Shon’ investigated the catalytic activities of alkanethiol stabilised platinum and
palladium NPs for the hydrogenation of alkynes (alkenes, dienes, trienes, and allylic alcohols).
They concluded that the NPs had good catalytic activities and high selectivity even after 14

reaction cycles.
Using high temperatures to prepare alkanethiol metal nanoparticles

A mixture of bismuth neodecanoate in organic solvent (octadecene), 1-dodecanethiol as the
stabilising reagent and oleylamine as the reducing agent were mixed together in a hot oil bath
at 80 °C; yielding dodecanethiolate bismuth NPs with an average diameter of ca. 40 nm.”®
These NPs were further modified with poly(ethylene glycol), PEG, to increase the NPs stability
and biocompatibility for the investigation of their potency against tumour cells via
thermoradiotherapy. The authors concluded that the modified NPs exhibited high

photothermal therapeutic potency against breast cancer cells.

The synthesis of thiol stabilised copper NPs was carried out with the reduction of copper(ll)
chloride dihydrate by tert-butylamine—borane complex in dodecane under oxygen free
conditions (constant N, purge) at temperatures >145 °C. The NPs were stabilised by

dodecanethiol ligands and had average sizing in the 3-10 nm range; the authors investigated
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the decomposition path of alkanethiol stabilised copper NPs, they concluded of the instability
of the thiol NPs due to the inevitable cleavage of the Cu-S bonds as copper sulphide clusters

are formed.

Zheng et al” reported the synthesis of stable dodecanethiol stabilised AuNPs using one-
phase system (with average NPs size ranging from 5-10 nm). Triphenylphosphinegold(l)
chloride was reduced by tert-butylamine—borane complex in benzene and, the synthesis was
kept at 55 °C. The same synthetic route was utilised for the successful synthesis of
dodecanethiol stabilised silver and palladium NPs, using different metal precursors (silver
acetate and palladium(ll) acetylacetonate) yielding average sizes of 5.5 nm and 6.3 nm for

silver and palladium NPs respectively.

2.2.3. The different characterisation techniques for nanoparticles

It is important to have information about the particles’ size and structural make-up of NPs, thus
the need for NP characterisation.®® There are many techniques for NP characterisation which

may be either morphological or structural characterisation.

In terms of morphological characterisation techniques, scanning electron microscope (SEM)
and TEM are the most common techniques.®’ These microscopic techniques not only enable
the determination of the physical form of the NPs i.e. the homogeneity of the sample under

analysis, but also the particle size distribution.

Structural characterisation is also important as it enables the structure composition of the NPs
under investigation to be known. Infrared (IR) spectroscopy and mass spectrometry (MS) are
examples of such characterisation techniques for giving information about the nature of
bonding.8! In IR spectroscopy, it is possible to identify functional groups from matching
spectrum with their reference spectrum i.e. fingerprint region as a way to identify the structure
of the sample under analysis. Fourier transform infrared spectroscopy (FTIR) has been used
to determine the spectral bands of proteins bound to NPs surfaces.®! On the other hand in

MS, the ionised sample is fragmented into multiple ions that are detected according to their
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mass-to-charge ratio, ensuring accurate molecular weight determination of the sample under
study. MS coupled with inductively coupled plasma (ICP), this technique enables the
determination not only of the sample’s mass, but also the size distribution, NPs concentration

as well as its composition.8?

By using thiosulfate ligands, which have weaker interactions with nanoparticle surfaces and
slower passivation kinetics due to the polar head group, the resulting nanoparticles could be

grown into larger particles during the nucleation-growth-passivation process.

2.2.4. The unique and desired properties of nanoparticles

As NPs have unique properties compared to their bulk material, their physical as well as
chemical properties will determine their reactivities and toxicities towards biological systems.®
Take gold for instance; when bulk gold interacts with visible light, it appears vibrant in colour
(shiny yellow). However, gold as NPs appear blue and as the sizes decrease down to
approximately 3 nm, the colour changes from blue to orange then dark red under visible light.
This dramatic change in colour is due to the surface plasmon resonance (SPR).8* This is when
a frequency from the visible region of the electromagnetic wavelength, is applied on the
surface of the metal causing the conduction electrons to oscillate resulting in the intensity of

the colours observed.®

As mentioned in the previous sections, NPs can be engineered to have required
functionalisation for the study under investigation. Surface characteristics play an important
role in the colloidal behaviour of the NPs especially regarding their interactions with biological
systems. For instance, a study by Kohli and Alpar®® report the ability of negatively charged
NPs to penetrate the surface of the skin for potential use in vaccine delivery. Thus, it is
essential to know and understand the interaction of NPs with biological systems especially in
view of their use in various applications including regulating metabolic pathways in plants and

targeted delivery of therapeutic agents in medical treatments.
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2.2.5. The uses of nanoparticles in biomedical applications

Within medicine, the use of nanomaterials has given rise to early detection and prevention of
diseases as well as improved diagnosis leading to specific and targeted treatments.*% There
are many advantages to using nanomaterials in medicine, this spans from their use in cancer
treatments to the fabrication of biological sensors; thanks to their physiochemical properties
(size, shape, chemical composition, optical, magnetic, thermal, catalytic and electrical

properties).?’

Most conventional anticancer treatments such as chemotherapy are non-specific, targeting
and killing in the process both healthy and cancerous cells, they generate side effects on the
patients such as bone marrow and gastrointestinal toxicity.®® A cocktail of anticancer drugs is
given to the patient during the treatments; their overuse can contribute to multiple drug
resistance, decreasing its potency as anticancer treatments, adding to that, these drugs
generally have poor solubility and bioavailability, thus further reducing its use as anticancer
agents.?” Following the NPs desirable and unique properties, these NPs can overcome many
of the disadvantages that conventional anticancer treatments possess, the synthesis of NPs
can ensure biocompatibility and solubility via surface modification; it is possible to engineer
NPs with functional groups that have complementary binding activities to that of targeted
cancerous cells.® thus making NPs more efficient, by increasing the selectivity of the NPs
to the targeted cells and reducing their toxicity to the healthy cells whilst being delivered at

lower doses.%%2

2.2.5.1. NPs used in cancer therapy

NPs can be used on their own or conjugated with the anticancer drug to target cancerous
cells. Focusing on NPs as cancer treatments; in their own right, platinum NPs were
investigated as inhibitor of the growth in lung cancer cells, the authors found that the efficacy

of the NPs as therapeutic agents was dependent on their concentrations.*?
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NPs have been used in photothermal therapy; a form of therapy that uses electromagnetic
radiation to “generate heat for thermal destruction of cancer cells”*. The advantages of this
technique over conventional therapy include its high selectivity and minimal invasiveness.%
Hirsch et al.® were the first group to investigate the potency of silica-gold nanoshells modified
with PEG ligands against human breast carcinoma cells. Comparing untreated cells with those
incubated with nanomaterials, the latter showed an enhanced loss of cell viability under low
exposure of near-infrared irradiation. Iron oxide NPs have been used in this form of therapy
has been employed to reduced malignant growth on lymph nodes, under irradiation of near
infrared (non-toxic radiation), these NPs were found to generate reactive oxygen species (free

radicals) which are toxic to tumour cells.8":%

Another way that NPs are used in cancer therapy is radiotherapy; in this technique, high-
energy radiation (x-ray) is used to kill cancer cells in the targeted area of the treatment, by

damaging the DNA replication mechanism of the cells thus causing their eventual cell lysis.®”

2.2.5.2.  NPs conjugated with drugs and their use in drug delivery

The careful design and synthesis of drug-NPs complexes will inherit the unique
physiochemical properties of the NPs of one being NPs’ nanosize which would enable the
complex to readily pass through the membrane boundaries and be taken into the tumorous
cells.®® Once inside the cells, the drugs can be released and take effect; the complexes have
enhanced activities due to the increased drug molecules added onto the surface of NPs
leading to an increased drug loading capability, benefitting a patient with the decrease in drug

consumption thus treatment expenses.®
Drug delivery systems with metal nanoparticles

AuNPs have been recorded to act as drug carriers for the drug delivery system; AuNPs
attached to anticancer drugs have been reported to high potency compared to drug free when
tested.”® Folate-modified PEG-AuNPs conjugated with doxorubicin (anticancer drug) were

tested for their potency against cancerous cells; the study revealed that compared to free
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doxorubicin, the drug modified NPs had a higher level of cell cytotoxicity.'® In a study on the
effect of drug modified NPs against bacterial cells, a study by Nirmala Grace and Pandian®!
coated AuNPs with the following drugs: streptomycin, gentamycin and neomycin, for the
investigation of their antibacterial efficacy against Gram-positive and Gram-negative bacteria.
The findings showed that the antibacterial activities of the drugs-AuNPs were higher compared
to the drug only, for both Gram-positive and negative bacteria. Polyethylene glycol (PEG)
stabilised AUNPs were conjugated with BTZ (proteasome inhibitor) was tested for its potency

in human prostate cancer cells.

In view of the usefulness of AUNPs within the biomedical industry, the research outlined in the
thesis with AuNPs stabilised with thiol ligands of various surface chemistries and their

penetration behaviour through lipid membranes, for potential sensing applications.

2.3. NPs-lipid membrane interactions

Having considered the NPs and their properties and how these can affect their colloidal
behaviours, it is important to examine NPs and their interaction with biological membranes,
especially because of the increasing development in nanotechnology and their use in medicine
as therapeutic agents. The importance lies with the issue that arises in the toxicity of these
particles to the human health, although, understanding and controlling such interactions can
lead to the development of more effective and efficient drugs.'°? The knowledge of factors and
mechanisms by which NPs interact with the cell membrane leading to their uptake into the
cells, bringing desirable effects to the target cells without endangering other living organisms
is vital; thus their use as intracellular delivery of therapeutics.’®®* However, the scope in this
thesis does not focus on the health impacts of the NPs but, on the effects of NPs size, surface
charge, hydrophobicity and composition leading to their uptake and how they interact with

biological membranes.

According to previous investigations, NPs size and shape, surface charge and hydrophobicity

are the main factors determining the NPs mode of interaction with the lipid bilayer, coupled
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with the properties of the lipid membrane which consequently affect the cellular membrane

integrity.104-107

2.3.1. Investigating the effect of NPs size and shape

NPs size and shape have been reported to influence cellular uptake greatly.'®® Furthermore,
controlling both size and shape of NPs during the synthesis can be used for more efficient

targeting of desired cells.107:108

2.3.1.1. Size

One other advantage of NPs is its use as drug carriers due to the particles’ large surface area-
to-volume ratio that facilitate their cellular uptake compared to larger molecules which are
unable to overcome the membrane-associated barriers.°® Even with the increase in research
on NPs interactions with cell membrane and their uptake into cells, relating NPs sizes with
lipid membrane disruption and the change in membrane morphologies are still not well

understood.

Despite this, the decrease of NPs size has a big impact on their cellular uptake as smaller
NPs readily diffused into the cells compared to bigger NPs with the possibility of having an
optimum NPs size for efficient uptake into the cells.1°” Roiter et al.1*® investigated the effect of
silica NP sizes on lipid bilayer. Their studies have revealed two distinct behaviours (Figure
2.3-1); one where the lipid bilayer envelopes the polar NPs (> 22 nm) and where polar NPs
formed pores in the lipid bilayer (< 22 nm). In their study, the NPs were deposited on planar
substrates and the lipid bilayer membrane were added on top, covering the NPs. Their findings
concluded that there is a relationship between NPs size distribution and lipid stability upon
interactions; the different sizes of NPs can cause different levels of destabilisation of the lipid
bilayer upon interaction due to the formation of defects such as pores within the lipid bilayer
or/and by affecting the membrane fluidity.*'° This effect was said to be because of the
curvature of the lipid membrane upon contact with the NPs expressed as wrapping of the

membrane around the NPs (fully or partially).
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Figure 2.3-1: Lipid bilayer formation in the presence of particles larger than lipid bilayer thickness;
formation of lipid pore around the NPs for particles < 22 nm compared to the envelopment of NPs by
the lipid bilayer for particles > 22 nm. Adapted from Ref. 109.

Membrane stability can be affected by NPs sizes, this was investigated with citric-acid
stabilised AuNPs of various sizes; 2, 5, 10 and 40 nm, their interactions with lipid membrane
revealed small losses of lipid mass (up to 6 ng) resulting in the removal of lipid molecules from
the lipid bilayer.'** Smaller NPs (<10 nm) exhibited no significant changes to the lipid bilayer
following their exposure, however the larger NPs (40 nm), the exposure of NPs to the bilayer

caused defects to develop on the membrane and subsequent lipid molecules to be lost.

Adding to that AQNPs have been investigated against bacteria for their viability as antibacterial
agents!!? Lu et al.'*® investigated the toxicity of AgNPs of different sizes (5, 15 and 55 nm)
against oral anaerobic and aerobic pathogenic bacteria, they concluded that smaller NPs were
more toxic against the bacteria than bigger NPs also that aerobic bacteria were more
susceptible to the NPs compared to anaerobic bacteria; the minimum inhibitory concentration
(MIC) value for 5 nm was 6 pg/mL for E. coli, compared to 25 pg/mL for F. nuceatum and A.
actinomycetemcomitans. These were the values of the NPs concentrations for the complete
inhibition of bacteria growth. Smaller NPs were more advantageous in their bactericidal effect
because their large surface area enabled them to have a higher percentage of interaction with
the bacteria, the mechanism of this effect was explained as the release of Ag+ ions inside the

cell which “inactivate respiratory chain dehydrogenases” of the cell, viewing that aerobic
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bacteria such as E. coli, have ample supply of oxygen and the anaerobic bacteria such as F.

nuceatum do not hence the latter have a higher MIC values.

2.3.1.2. Shape

The shape of the NPs also plays a crucial role in the cellular uptake of NPs, it has been found
to affect the amount of time the NPs reside inside the cell and how long it takes the NPs to get
to the target cells.1%11% Nowadays nanoparticles can be engineered into a variety of shapes;

spheres, cube or rod-like, both regular and irregular shapes (Figure 2.3-2).

— S0

Figure 2.3-2: TEM images of NPs with different shapes; a) 15 nm (diameter) nanospheres, b) 54 nm
nanospheres, c) 100 nm nanospheres, d) 62 nm (outer edge length) nanocages, €) 118 nm nanocages,
f) nanorods (16 nm x 40 nm, diameter by length). The length of the scale bar corresponds to 50 nm.
Reprinted from Ref. 109 with permission from Springer Nature (Nature Technology).

Using similar particle sizes but different shapes, it was reported that spherical NPs (14 or 74
nm) can easily penetrate the cells compared to rod-shaped NPs (74 x 14 nm).1® Elongated
spherical NPs have higher cellular uptakes than spherical or prism-shaped particles.'°"1% This
phenomenon can be explained in terms of membrane curvature. NPs-membrane interaction
induces membrane indentation; as a result, the membrane becomes wrapped around the

particle. Particles with sharp edges cause unstable and unfavourable packing of the
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phospholipid bilayer around the particles, as opposed to ‘flat’ particles.’'® In a study by
Dasgupta et al.'*” into the correlation between NPs shape and orientation following cellular
uptake, they reported two main membrane wrapping modes; submarine and rocket modes.
The first (submarine) mode is predominantly seen in spherical NPs with its orientation being
parallel to that of the membrane which enabled fast wrapping (lower wrapping fraction) of the
membrane, thus higher NPs uptake. In the rocket mode, the long axis of the patrticle is
perpendicular to the membrane thus enabling higher wrapping fraction yielding unfavourable

or lower NPs uptake.

Differently shaped AgNPs (spherical, disk-like and triangular plate-shaped) were investigated
for their antimicrobial activity against bacteria (gram-positive and negative); the authors
concluded that spherical NPs had the highest antimicrobial effect on the bacteria compared to
disk and triangular plate-shaped NPs.'*® They attributed the shape and surface area of the
NPs to their antibacterial activity; spherical NPs were found to release more Ag* ions

compared to the other shapes which in turn enhanced their cytotoxicity as antibacterial agents.

2.3.2. Investigating the effect of NPs surface charge

Functional groups on NPs determine the solubility of the NPs as well as their interactions with
macromolecules and cell membranes, thus depending on the charge on the NPs, these
particles can follow different pathways into the cells (Figure 2.3-3); cationic NPs can cause
permanent destabilisation of the cell membrane via formation of pores in the membrane
structure or membrane thinning whereas anionic and neutral NPs can penetrate the lipid

membrane without causing major membrane disruption, 19120
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Figure 2.3-3: Schematic illustration of the various types of NPs-membrane interactions; A) charged
NPs approaching liposome (surface of lipid bilayer membrane), B) adhesion of NPs onto membrane
surface, C) defect (pore) formation caused by NPs and D) NP encapsulation inside liposome. Adapted
from Ref. 121.

2.3.2.1. Neutral NPs

The synthesis of NPs preventing their interactions with biological macromolecules and cell
membrane has been documented using neutral ligands such as PEG or zwitterionic (Zw)
ligands. As a result, coating the NPs with such ligands can be used to avoid and minimise
non-specific or unwanted NPs-membrane interactions thus, such interactions can diminish the

effectivity of the target-specified drugs.0”.122

PEG, an uncharged, hydrophilic polymer is found to be non-immunogenic (not able to provoke
a response from the immune system). PEGylated nanomaterials tagged with a drug such as
Methotrexate, was reported to yield higher level of cytoxicity as the NP-drug conjugate
compared to the NP-free drug, thus making the case of their use in cancer therapy treatments

as effective and efficient drug carriers.?® Alternatively, zwitterionic ligands as capping agents

Thiolated metallic nanoparticles and their interactions with lipid membranes 30



Background Information

for NPs are favoured due to their ability to enhance solubility of NPs. Moreover, they are shown
to yield stable NPs compared to citrate capped AuNPs in the presence of polyelectrolytes and
proteins with the latter NPs showing signs of NPs aggregation.'?* Agasti et al.1?® have shown
Zw-functionalised AuNPs as a nontoxic drug carrier, thanks to a successful photocontrolled
release of anticancer drug (5-fluorouracil, 5-FU). Other examples of neutral NPs include
polysaccharides!?®, polymeric NPs,'?” peptides and proteins!?8; these ligands have been
reported to facilitate the penetration of NPs as drug carriers into the cell without signs of

membrane disruption.

PEG-functionalised AuNPs were found to have no effect on E. coli bacteria using the MIC test
due to the non-specific interaction between the PEGylated NPs and the bacteria.?%% Thus,
these neutral ligands aids biocompatibility and stability of the NPs as well as enabling further

addition of functional groups onto the NPs.*!

2.3.2.2. Positively charged (cationic) NPs

The interaction of positively charged (cationic) NPs with negatively charged cell membrane
occurs via electrostatic attraction, facilitating the cellular uptake of the NPs over neutral or
negatively charged NPs.1*? Previous findings using coarse-grained molecular dynamics
simulations have shown that positively charged AuNPs interact with the phosphate head group
(negatively charged part of the phospholipid molecule) of the membrane made up of Zw lipids
and this type of interaction caused the altering of the tilt angle of the lipid molecules resulting
to the change in the lipid’s architecture. Such interactions have been reported to perturb

membrane architecture, without necessarily affecting the membrane fluidity. 116133134

Another way that cationic NPs interact with lipid membrane is by the NPs becoming wrapped
around by the lipid membrane, forming NPs-lipid vesicles (Figure 2.3-3D). This is an
interaction driven by enhanced electrostatic attraction with the hydrophobic portion of the lipid
bilayer due to the high coverage of cationic charges on NPs, which results in different types
of internalisation mechanisms i.e. membrane thinning, membrane rupture, defects formation
in the membrane (Figure 2.3-3C) etc.}%>1*° A study by Lerouile et al.’** has shown that NPs
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with: different shapes, sizes and flexibility; polycationic polymer (PAMAN) and amine-
terminated gold and silica particles, can disrupt the lipid bilayer’s architecture thus ensuring
such internalisation mechanisms and altering the cell membrane permeability to enable NPs
penetration into the cell. AgNPs functionalised with cationic polymers were investigated for
their antibacterial effect against gram-positive and negative bacteria, the results showed that
the binding of these cationic NPs was much favourable with negatively charged bacterial

membrane thus far more effective at killing gram-negative bacteria.*?

Positively charged NPs carrying cationic polymer chitosan-HCI was found to penetrate the
gastrointestinal mucous barrier more easily than negatively charged NPs due to electrostatic
interactions with the negatively charged cell membrane. Once inside the cell, the reduced form
of the polymer, cyclosporin-A, a poorly absorbable drug on its own due to its lipophilic nature,
is readily available inside the cell. This finding resulted in a recommendation of the possibility

of lowering the drug dosage and consequently its side effects.*®’

2.3.2.3. Negatively charged (anionic) NPs

As we have seen, differently charged NPs do influence the NPs-membrane interactions but in
different ways. Negatively charged (anionic) NPs are shown to have non-specific cellular
uptake pathways as reported by Ayala et al.1® after using carboxymethyl dextran-coated iron
oxide NPs. Cationic NPs were reported to become engulfed within the lipid bilayer. Anionic
particles on the other hand, become adsorbed at the surface of the membrane (as illustrated
in Figure 2.3-3B); the subsequent absorbed NPs can form clusters at cationic sites of the
plasma membrane.1°711%13% NPs-membrane interactions with the adsorption of anionic NPs
onto the membrane surface causes membrane gelation (phase transition from liquid to gel),
leading to the lipid liposome (an assembly of phospholipid in a spherical manner) to shrink as

seen in Figure 2.3-4.140
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Figure 2.3-4: Membrane gelation caused by anionic NPs-membrane interactions. Adapted from Ref.
140.

However, the interaction between gram-negative bacteria and anionic NPs were found to

unfavourable due to the repulsion of like charges.'*!

2.4. Focus of the thesis

The purpose of the research presented in this thesis focuses on the electrochemical
characterisation of thiolated metal nanoparticles with their interaction with lipid membranes;
both non-electroactive and electroative thiol-protected metal NPs. Each of the experimental
chapters (chapters four, five and six) includes detailed analysis and discussion of the
interactions of NPs with mimics of the cell lipid membrane. The novelty of this work lies in the
interaction of ferrocenyl-thiolated metal NPs as electroactive NPs and cationic ammonium
thiolated polymer metal NPs as non-electroactive NPs with cell membrane mimics, via the use
of electrochemical techniques including relatively new impedance derived technique,
Resonance Enhanced Surface Impedance (RESI). This novel technique allowed the
monitoring in real-time the changes in RESI capacitance with the interactions of NPs with lipid

membranes to be studied.
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2.5. Conclusion

In conclusion, this chapter focused on providing background information on nanopatrticles, lipid
membranes and the type of interactions that occur when they react together; inclusive of

literature reports on applications and benefits of these systems.

Following the different lipid membrane models outlined in the previous section, lipid
membranes on solid substrates was chosen to be the most suitable method that would enable
the execution of the research outlined in the coming chapters of the thesis. SAM and tBLM
models were chosen as these permitted the use of electrochemical techniques to be carried
out, being the main analytical technique of the thesis. These models were already outlined to
contain advantages such as the ability to mimic part of the biological lipid bilayer membrane

thus enabling the investigation of specific metallic NPs with artificial cell membranes.

In terms of metallic NPs, Au and Ag were the focus in the thesis as these metallic NPs have
a wide range application within the nanomedical field. The synthetic route for AUNPs was
based on the Brust-Schiffrin method to produce alkanethiol stabilised AuNPs with well-
reported reliability in size, morphology and stability as colloid solutions. Alkanethiol stabilised
AgNPs were synthesised using the latter method by Farrell and co-workers for the one-step
synthesis of stable NPs. Following the evaluation of NPs sizes and their interactions with lipid
membrane, we chose the synthetic routes that would yield small NPs with sizes <10 nm and
with spherical morphology as small NPs were reported to be less destabilising to the
membrane’s architecture and, the uptake behaviour of spherical NPs by cells are more

favourable than non-spherical NPs.

In terms of surface functionalities of the NPs, these will be at the centre of the investigations
in this thesis for the interactions of alkanethiol stabilised metal NPs with both artificial and
biological lipid membranes; electroactive functionalised ligands with ferrocenyl moieties, non-
electroactive groups such as dodecanethiol ligands and positively charged functionalised

ligands such as cationic ammonium moieties. The investigations on the interactions of these
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NPs with lipid membranes would support the publications within the expanding field thiolated

metallic NPs for sensing applications.
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3. Experimental Methods &
Techniques

Sections 3.1 and 3.2 of this chapter give details of the experimental materials and
methodology used in the research; including a list of materials, chemicals and outlined
procedures employed in the preparations of the nanoparticles, lipid solutions and
substrate materials used. The theoretical background of each technique used is
outlined in Section 3.3., including an overview of each technique and instrumentation

as well as details of the experimental parameters.

3.1. Materials

3.1.1. Chemicals and Reagents

2-oleoyl-1-palmityol-sn-glycero-3-phosphocholine  (POPC), 1-dodecanethiol (DDT), 6-
(Ferrocenyl)hexanethiol (FcHT), hydrogen tetrachloroaute (HAuCls), sodium borohydride
(NaBHa,), tetraoctylammonium bromide (TOAB), silver nitrate (AgNOs3), hydrogen peroxide
(H20y), sulfuric acid (H2S0.), potassium ferrocyanide (Ki[Fe(CN)¢]), potassium ferricyanide
(Ks[Fe(CN)¢]), potassium phosphate monobasic (KH2PO.), potassium phosphate dibasic
(K2HPO.), hydrochloric acid (HCI), potassium nitrate (KNO3), Lysogeny broth (LB), hexane,
ethanol (EtOH), toluene were purchased from Sigma-Aldrich, Oxoid Iso-Sensitest Broth
purchased from Thermo Scientific and 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol

(DPPTE, INstruchemie, the Netherlands).

All solvents used were without purification and all solutions were made with purified (resistivity

> 18.2 MQ cm) water from a Sartorius Atrium Comfort | water purifying system.
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3.2. Methodology

3.2.1. Preparations of the nanoparticles

3.2.1.1.  Synthesis of DDT stabilised silver nanoparticles

DDT-capped AgNPs were synthesised using a modified method reported by Farrell et al.! An
ethanoic solution of NaBH4 (0.4 M, 50 mL) was mixed with DDT (1013 pul), AgNOs (30 mM, 30
mL) was added in drops to the stirred mixture, turning the solution from misty white to dark
orange then dark brown as all AQNOs; was added. The mixture was stirred vigorously for one
hour at room temperature. The crude product was obtained by centrifuging at 90 000 rpm for
50 min, then the supernatant was decanted and replaced with fresh ethanol (EtOH). The
centrifugation and EtOH wash steps were repeated three times. The NPs were re-dispersed

in 10 mL EtOH for storage at 4 °C.

3.2.1.2. Synthesis of DDT stabilised gold nanoparticles

DDT-protected AUNPs were synthesised using the Brust—Schiffrin method?. HAuCl, (30 mM,
30 ml) was mixed with TOAB solution (made up in toluene, 50 mM, 80 ml) and stirred
vigorously for 30 min; the colour change observed was from yellow (HAuUCl.) to red as TOAB
was added. The organic layer was separated from the mixture and 0.17g DDT was added to
the organic phase to make up the mole ratio 1(Au):2(thiol). A fresh solution of NaBH,4 (0.4 M,
25 ml) was added slowly in drops to the mixture with vigorous stirring for 3 hrs, changing the
mixture colour to dark red. The organic was separated from the mixture, the solvent was
removed using the rotary evaporator and 400 ml of ethanol was added to the flask and kept
at -18°C overnight. The crude product was obtained by centrifugation at 9000 rpm for 50 min
as very little precipitate was formed during the overnight process then the solvent was

decanted, the final product was then dissolved in 10 ml toluene for storage at 4 °C.

3.2.2. Modification of the nanoparticles by ligand-place exchange reaction

Ligand-capped AuNPs can be used as template to introduce other functionalities to the metal

surface in order to obtain the desired applications whether it is as a catalyst or for biomedical
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purposes. The functionalisation of ligand-capped AuNPs such as thiolate ligands on AuNPs
can be achieved by changing the functional groups of the AuNPs in order to give rise to
different properties; ligand place-exchange?, polymerisation and coupling reactions* are some

of the methods used to functionalise AuNPs.

During ligand place-exchange, the alkanetholiate stabilised AUNP in solution is mixed with the
new ligand causing it to be incorporated onto the surface of the metal core and the displaced
thiolate becomes their own thiol molecules in the solution. The exchange of thiol ligands during
the reaction can be affected by the bulkiness of the functional group as well as the chain length
of both the protecting and the incoming ligands®; short chain of thiolated AUNPs are readily
displaced by long chain thiolated AuNPs, this is due to the tight packing of long chain thiols
on AuNPs resulting in more stable coating of the thiol ligands on the metal surface thus

improving the protection of the AuNPs3.

In our case, DDT ligands (long chain, non-electroactive thiol) were replaced by FcHT ligands
(short chain, electroactive thiol). The DDT-capped metal NPs were modified with 10 mM FcHT
in EtOH or toluene to make FcHT-metal NPs.® In order to modify the DDT-capped metal NPs
with FcHT, equal volumes of metal NPs colloid and 10 mM FcHT in EtOH or toluene were
shaken on a vortex stirrer for 48 hours, centrifuged for 20 min and removing the supernatant

and the crude product was re-dissolved in 5 mL EtOH or toluene.

3.2.3. Preparations of the organic lipid solutions

DPPTE received in powder form, was dissolved in chloroform (25 mg/mL) and stored at -20
°C for further use, this procedure prevented the oxidation of the lipid stock solution.® For each
preparation of the lipid solution (1 mM), the solution was dried in a clean glass vial under N-

stream, and re-dissolved in ethanol (1 ml) and stored in the fridge until use.’

POPC received as a lipid solution in chloroform, was dried in a clean glass vial under N
stream then the vial was left in a desiccator overnight to remove any remaining solvent. The

dry lipid was rehydrated using phosphate buffer solution (PBS, 0.1 M) making lipid
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concentration of 1 mg/ml. For POPC lipid vesicles to form, the solution was sonicated for 45

min. All lipid solutions were stored at 4 °C until use.

3.2.4. Preparations of the substrates

3.2.4.1. Preparing glass substrates using electron-beam evaporation

Glass microscope slides were used as substrates in AFM experiments. These were chemically
cleaned by immersion in different solutions then sonicated for 15 min at each step; acetone,
propanol, a mixture of decon90 and deionised water (1:3 ratio) and deionised water. The
substrates were then blow dried with pure N.. Gold substrates were prepared by evaporating
100 nm of gold thin film on a glass slide with 10 nm chromium layer for adhesion using an

electron-beam (e-beam) evaporator.

3.24.2. Cleaning of commercial electrodes

Macroelectrodes

Commercially bought gold electrodes (BASi) were polished with diamond polish slurries in a
figure-eight pattern, and then sonicated with ethanol and water for 10 min, soaked in piranha
solution (mixture of H.SO4 and H.O, at 3:1 volume ratio) for 5 min followed by another
sonication in water for 10 min then drying with N2 gas. Further cleaning was carried out in an
electrochemical cell with cyclic voltammetry (CV) in 1.0 M H,SO4 between 0 and 1.4 V (vs.
Ag/AgCI reference electrode) at a scan rate of 0.1 V/s until a stable voltammogram was

obtained.

Micrux and RESI sensors

Micrux sensors were cleaned according to the manufacturer's guidelines; 10 Cyclic
Voltammetry cycles in a solution of 0.5 M H,SO4 between 0 and 0.8 V at scan rate of 0.1 V/s,

these sensors were of single use.®

RESI sensors were cleaned by UV-ozone exposure on for 10 min followed by Milli-Q water

rinse.

OCM electrodes
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Commercially available EQCM sensors; 6 MHz gold-coated crystals (Metrohm, UK) were
cleaned according to the manufacturer’s guidelines; immersion of sensors in piranha solution
(30% H»0, and 70% concentration H.SO.) for 1 min followed by a rinse with deionised water,
N air drying.® Further cleaning was done with CV cycles in a solution of 0.5 M H.SO, between

0 and 0.8 V at scan rate of 0.1 V/s, these sensors were of single use.

3.2.5. Modification of the substrates with lipid thiolated SAM on electrode
surface

3.25.1. Spontaneous assembly of lipid SAM on electrode surfaces

Clean sensor chips (for RESI experiments), gold substrates (for AFM experiments) and gold
macroelectrodes were firstly modified with the SAM lipid solution by self-assembly for 48 hours
at 4 °C.” Any loose thiols on the electrode surface were removed by rinsing with ethanol and

water and, dried under a stream of argon.

3.25.2.  Electrochemical deposition of lipid thiolated SAM on electrode surfaces

A thiol solution was deposited on gold electrode surfaces following the procedure outlined by
Brett et al.1%; clean QCM electrodes were fitted into the cell filled with a mixture solution of thiol
lipids dissolved in EtOH (1 mM, DPPTE) and 0.1 M KNOs. For the adsorption of thiol molecules
on gold electrodes to take place, a potential of 0.6 V was held at the working electrode for 45
min using chronoamperometry technique.l® the electrochemical set up was that of a 3-
electrode set up with a Pt flag as counter electrode and Pt wire as pseudo-reference electrode
and the QCM crystal as the working electrode. At the end of the run, the electrodes were rinsed

with ethanol to get rid of any loose thiols, then with deionised water and air dried with N> gas.

3.2.5.3.  Overnight immersion of SAMs into POPC lipid solutions

The hydrophobic SAM (DPPTE) layer on gold electrodes was prepared as mentioned in
section 3.2.3. The SAM modified electrodes were immersed in a prepared solution of POPC

lipid vesicles (see section 3.2.3) and the tBLM layer was left to form overnight by vesicles
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fusion process.!! All macroelectrodes (BASi electrodes) were modified in the same way as

described above.

3.2.6. Minimum Inhibitory Concentration (MIC) assay

The MIC assay was adapted from Andrews'? work, to determine bacterial resistance or to test

the efficacy of various antimicrobials on microorganisms.

3.2.6.1.  Overnight preparation of the bacterial culture

Cultures were prepared by streaking E. coli from frozen stocks onto Lysogeny broth (LB) agar
plates with an inoculation loop and incubated overnight with shaking at 37 °C. A single,
isolated colony was selected and transferred to a 15 mL Falcon tube containing 5 mL if Iso-

Sensitest broth and incubated at 37 °C with shaking overnight.

3.2.6.2.  MIC procedure by serial dilutions

50 mL of the overnight culture of E. coli was added to 2 mL of Iso-Sensitest broth in a sterile
semi-micro cuvette and covered with parafilm. The culture was grown at 35-37 °C with shaking
until an absorbance of 0.07 at 650 nm was reached, then the cuvette was placed in ice. The
culture was diluted ten-fold in fresh broth then mixed, by inverting the tube and kept on ice.
Serial dilutions of the NPs were made; where the concentration reduced by half down the
series for each antimicrobial solution with the bacteria media. Figure 3.2-1 shows an
illustration of a typical plate layout for the determination of MIC. Plates were incubated for

approximately 16 hours with shaking at 120 — 130 rpm in a 37 °C incubator.
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Figure 3.2-1: A typical plate layout for MIC determination.
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3.3. Instrumentation and Techniques

3.3.1. Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) works in similar concept as light microscope but it
uses electron beam as ‘light source’ instead of light resulting in higher degrees of magnification
(due to a higher voltage applied to the electromagnetic lenses) and resolution (due to shorter
wavelength of electron beam than visible light) compared to light microscope.’

In this technique, electron beam in a vacuum (necessary for electrons not to be deflected by
gas molecules) passes through the sample which seats on a copper grid. In order to produce
an image, the electron beam from the electron gun is focused by the condenser lens onto a
thin foil specimen.™ As the electron beam hits the specimen, depending on its thickness and
electron transparency, the electron beam can be either transmitted, absorbed or
backscattered.' The transmitted beam is then focused by the electromagnetic objective lens,
which collects the scattered electrons onto a single point, then the projector lens magnifies
the image that can be seen onto a screen.'® The image is formed either as an electron
micrograph or it is seen in a screen using charge coupled device (CCD) camera.

Some limitations of this technique include the inability to observe live organisms as the whole
system needs to be in a vacuum, the lack of colour with the image created and for

nanoparticles characterisation, these can become unstable under electron beam."”
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Figure 3.3-1: An illustration for the basic set up of TEM.
Transmission electron microscopy (TEM; JEOL 2100F FEG TEM) was used to determine the

particle size, uniformity and morphology of the NPs. TEM samples were prepared by air drying

TEM grids made from copper mesh pipetted with droplets of the colloid solutions. ImageJ
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software was used to do particle size determination measure with a minimum of 150 particles.

3.3.2. Atomic Force Microscopy

Atomic Force Microscopy (AFM) is part of the family of scanning probe microscopy, in this
technique the topography of the specimen is measured providing 3D imaging as well as
physical properties of the sample (height, friction etc.).'® Unlike other microscopy techniques
which uses light beam to generate images, AFM uses force between the very sharp tip on the
cantilever and the surface of the sample to give high resolution images.

This technique is carried out by measuring the interactions between the tip and the sample by
monitoring the movement of the tip. The sample is placed on a piezoelectric scanner, and a
feedback loop controls the height of the tip above the sample’s surface. Coupling with the use
of an optical method, laser beam is focused on the tip and any deflections at the cantilever
(towards or away from the sample) are detected by a photodiode; different features (bumps
or flat areas) on the sample will influence the deflections of the cantilever thus generating an
accurate topographic map of the sample.'

Some advantages of AFM include accurate height information of the sample with 3D
topographical images, the ability to study living organisms and the simple sample preparation
required (sample attached/deposited on a solid substrate). Some limitations include cell
detachment with the use of sample adsorption method for living cells, damaging of tip and

sample and the limited range for scanning area 150x150 microns.

Atomic Force Microscopy was used to determine the morphological changes to the lipid
membranes. The equipment used for all AFM measurements was Nanoscope V MultiMode 8
and NCR-50, AFM tapping mode was used throughout the experiments. The height images

were analysed NanoScope Analysis 1.5.

3.3.3. Quartz Crystal Microbalance

Quartz crystal microbalance (QCM) is a technique used to measure the mass change of

analytes on the surface of an electrode when the material is deposited on or removed from

Thiolated metallic nanoparticles and their interactions with lipid membranes 54



Experimental Methods and Techniques

the electrode.?° This technique is very a useful analytical tool because of the linear relationship
between the measured signal being the frequency of the crystal resonance and the mass
deposited on the crystal.?! One of the advantages of using this technique is its detection to
nanogram of masses per unit area thus, making the technique highly sensitive to the change
in mass at the electrode surfaces. QCM consists of a thin quartz crystal, a piezoelectric quartz
resonator with metal electrodes on either side. These electrodes are attached to an oscillator
circuit, and once an alternative current (AC) is applied to the top and bottom part of the metal
electrodes; this triggers a mechanical oscillation at frequency f at the crystal. The change in

frequency can be quantified using the Sauerbrey's equation (Eqg. 3-1),

2

where Af = frequency change of the quartz crystal (Hz), Am = elastic mass change (g), fo =
intrinsic crystal frequency, A = electrode area (cm?), yq = shear modulus of quartz (AT-cut
quartz crystal = 2.947 x 10! dyn cm™), pq = density of quartz = 2.65 g cm=, Ct = integrated
QCM sensitivity (56.6 Hz cm? ug™).

3.3.4. Electrochemical Techniques

In an electrochemical process there is a flow of electrons between two substances, this drive
of electron flow is due to reduction-oxidation (redox) reactions. In redox reaction, electrons are
transferred from the substance that is being oxidised (substance losing electrons) to the
substance being reduced (gaining the electrons). There are two types of electrochemical cells;
galvanic and electrolytic cells. In the galvanic cell, spontaneous reaction releases energy that
can be used as electricity however, and in an electrolytic cell, the electrical energy is used to
drive a non-spontaneous reaction.? In an electrochemical reaction, an electrical current is
passed between a solid electrode and an electrolyte solution and, this involves the transfer of
charges or electrons from one species to another.?? At the electrode-solution interface; there
is depletion of reactants to the surface of the electrode. The concentration of reactants and

products will differ from the region near the surface of the electrode and from the bulk solution.
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At the application of a positive potential at an electrode immersed in an electrolyte solution,
there would be a surge of current which will then decay to near zero rapidly with no
electroactive species at the electrode surface. This generated current will create an excess or
deficiency of negative charge at the surface of the electrode, the layer of solution adjacent to
the electrode surface would acquire an opposite charge due to ionic mobility. The assembly
of charge at the electrode surface and the solution adjacent to the surface is known as an

electrical double layer.?°

Electric
double layer

Excessive

Even charge

Diffusion layer

Electric potential

>

L
Distance from the solid electrode

Figure 3.3-2: An illustration of the assembly of charges at the electrode’s surface and a graph showing
the charge and electric potential distribution in the electric double layer at electrode surface.

3.34.1. Cyclic Voltammetry

Cyclic voltammetry (CV) belongs to the group of the sweep voltammetry techniques where the
current is measured whilst the potential applied at the working electrode is swept linearly in
time.?? In this technique, the potential is scanned between two values at a fixed rate; from E;
(potential at which no redox activities takes place) to E; (potential that induces redox activities

i.e. electron transfer), this is the forward scan. This scanning of the potential to more positive
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values induces oxidation reaction to take place at the electrode’s surface. The reverse scan
is when the potential is reversed back from E: to Ei, this scan reduces the species. The

switching of potentials produces a triangular potential waveform.

Potential (V)

A
Forward Reverse
scan scan
Es !
s Time (s)
E,
Redox Redox
cycle 1 cycle 2

Figure 3.3-3: An illustration of CV triangular wavefunction; the voltage is scanned between 2 potential
values (E:1 and E>) at a fixed rate.

As the potential at the working electrode is increased, initiating an increase in the current from
E: to E; passing the potential at which the redox species in the electrolyte solution is oxidised,
to reach the maximum point (peak current, I,), at which there is no more excess of redox
materials at the electrode’s surface. The peak current in a CV experiment is given by the

Randles-Sevick equation (Eq. 3-2) at 298 K;

I, = (2.69 x 10%) n®/2 ACDY/?v1/2 (3-2)
where n = number of electrons in the redox reaction, A = electrode area (cm?), C = bulk

concentration (mol/cm?), D = diffusion coefficient (cm?/s) and v = potential scan rate (V/s).

3.3.4.2. Differential Pulse Voltammetry
Unlike CV where the potential applied produce a triangular potential waveform, with differential
pulse voltammetry (DPV), the potential applied generates a combined or superimposed

staircase and pulse forms (Figure 3.3-4). In this technique, the potential pulse is applied in
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small intervals and, the current is measured just before the pulse is applied and at the end of
the pulse. In this manner, the effect of the non-faradaic (charging) current is minimised i.e. the
current difference is zero, it is only at the redox potential that the current difference reaches

its maximum.?2 The plot that is generated is the difference in the currents.

ulses
E p

- staircase ramp

Figure 3.3-4: Anillustration of the superposition of a staircase ramp with potential pulses. Adapted from
Ref. 23.

3.3.4.3. Chronoamperometry

Chronoamperometry (CA) also called ‘controlled-potential voltammetry, or the potential step
technique, in this technique the current is measured as a function of time and, it is said to be
diffusion-controlled.?*2® In CA, the potential is applied in steps instead of applying the current
linearly like in CV; the potential can be applied from a potential value that does not induce
redox process (E1) to a potential value where the analyte can be oxidised or reduced (E>). In
this way the potential is applied to the electrodes, allowing the redox reaction to occur to
completion. At planar electrode, the current decays with time and is described using the
Cottrell equation;

nFACDY/?2

1) =2 (3-3)
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where i = current (A), n = number of electrons, F = Faraday constant (C mol?), A = area of
the planar electrode (cm?), C = concentration of the analyte (mol cm®), D = diffusion coefficient

(cm?s™) and t = time (s).

Some of the limitations of this technique includes the inability to discriminate compounds that

are oxidised at different potentials.?®

3.3.4.4. Electrochemical Impedance Spectroscopy

Ohm’s Law (V' = iR) relates to the relationship between voltage (V) and current (i), which is
applicable in DC technigues. Considering the complex behaviour of circuit elements found in
the real world, the simple concept of resistance can no longer be adopted. So, the impedance
(2) is then substituted into the Ohm’s Law equation instead of the resistance to overcome the
limitations of Ohm’s Law; this impedance becomes valid for both AC and DC techniques (V =

i7).27

In electrochemical impedance spectroscopy (EIS), a small sinusoidal potential of changing
frequency is applied to an electrochemical system and the impendence at each frequency is
measured. EIS allows the study of a system at a range of frequencies to enable the capture
of information when a small perturbation/stimulus is applied; electrode kinetic information is

captured at high frequencies and diffusion or mass transport at low frequencies.

An electrochemical cell is not a linear system i.e. doubling the voltage does not double the
current, however applying a small perturbation (AC signal, 1-10 mV), the electrochemical cell

becomes a pseudo-linear system and this results in a phase shift.
The input signal (excitation signal or wave) can be expressed as a function of time;

E, = Ey sin(wt) (3-4)
where E: = the potential at time t, Eo = the amplitude of the excitation signal, w = radial

frequency (2rf) and t = time. The responding current signal (I;) will be expressed as:

I, = Iysin(wt + ¢) (3-5)
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where lp = current amplitude and ¢ = phase shift (phase being the difference between the 2

waves).

— Time

Figure 3.3-5: AC waveforms for an applied potential and its current response; AC stimulus is applied
as the voltage (red line) and AC current (black line) is measured as the response.

Applying Ohm’s law to the impedance (Z), to relate the voltage to the current.

E; _ Epsin(wt) sin(wt)
I o Ig sin(wt+¢) - To sin(wt+¢)

Z= (3-6)

Using Euler principle, the above expression can be expressed as a complex function, using

exp(jo) = cosé + jsing

Z(w) = ? = Zoexp(jsind) = Zy(cos ¢ +jsin¢) = Z, +jZ; (3-7)
where Z, = real part of the impedance and Z; = imaginary part of the impedance. The most
common way of representing EIS data is by Nyquist plot; -Z: vs Z; plot where each point on
the plot represents the impedance at a frequency. Another way to represent EIS data is by
Bode plot, this plot shows frequency information; log frequency (Log f) on the X-axis and the

absolute values of the impedance (]Z|=Z,) and the phase-shift () on the Y-axis.

Figure 3.3-6 shows 2 plots representing the same electrochemical impedance data for a
Randles circuit, one for Nyquist representation and the other for the Bode representation.?®
The Randle’s circuit is the simplest circuit model and is used as a building block for more
complex models. This circuit is represented by a resistor in series with resistor capacitor (RC)
system in parallel; the first resistor (R1) in series referred to the solution resistance and the

second resistor (R2) in parallel with the capacitor represents the resistance to the Faradaic
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reaction or charge transfer resistance and, the capacitor (C) represents the electrochemical
double layer at the electrode’s surface. When electrons flow through the circuit and the
frequency set is at higher values, the impedance of the capacitor is low due to its reverse
relationship as a result, the response seen is that of the values of the series resistance i.e. R;.
At lower frequencies, the impedance of the capacitor is very high, so the measured impedance

is that of the combined resistance values i.e. R1 + Ra.

A R1+R2*>

R, _}, 1Z] @

<« P J
/ h B Log f

Figure 3.3-6: Electrochemical impedance data representing R(RC) Randles circuit for A) Nyquist and
B) Bode plots.

Ry

3.3.4.5. Resonance Enhanced Surface Impedance

Resonance enhanced surface impedance (RESI) is an electrochemical method that involves
the use of the Layerlab AB z-LAB instrument in conjunction with the z-Measure control
software to effectively calculate real-time changes in capacitance and electrical resistance at
surface interfaces. The instrument can perform measurements at a user-defined temperature

within the range of 20 and 40 °C (x 0.1 °C).

The measurements involve the use of a resonance circuit where an external inductive element
is connected in parallel to a pair of microelectrodes (surface area = 0.002 cm? with 30 um gap
between the integrated electrodes) which is then immersed in an electrolyte solution together
with a Ag/AgCI reference electrode (RE) and platinum counter electrode (CE), seen as the

blue shaded area Figure 3.3-7B. The reason for the pair of microelectrons is to “become part
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of a resonator with a resonance frequency essentially determined by the interface
capacitance”.?® The reference and counter electrodes can be used together with the integrated

potentiostat to bias the sensor electrodes.

A B Potentiostat
‘ (AC/DC)
I RS ) TR
.............. L 1
\QQ/C
2
£ I =
(=] [T
= S, Z:
N_ o o —— -~
o)) { \
o — T
! l
| B
» -
- RE
. CE
log f (Hz)

Figure 3.3-7: A) Bode plot to illustrate the effect of the inductive impedance (Z.) connected in parallel
with the sensor (circuit diagram Il) and without it (circuit diagram ). B) An illustration of the z-LAB
circuitry for the integrated sensor chip.

The integrated sensor chip is represented by an internal impedance, Zc, (WE1 and WE2 consisting of
Z¢) which is connected in parallel with an inductive impedance (L). The principal components of the
sensor comprised resistors (R) and capacitors (C). The insets are circuit representations of the dual

electrodes, where each electrode interface is represented by a capacitance (C) and a resistance (Rp).
The resistance of the electrolyte between the electrodes is denoted by Rs. Adapted from Ref. 29.

A 40 mV sinusoidal voltage is applied to the circuit. This experimental setup causes the
microelectrodes to form part of the resonator and the corresponding impedance spectrum
comprises a sharp maximum resonance peak. The maximum resonance frequency is a
function of the capacitance at the sensor-solution interface; the frequency range for each
impedance spectrum is measured between 0.1 Hz to 1 MHz. Changes in the resonance

frequency in real time can be detected by mapping the resonance peak and consequently,
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RESI provides an efficient method for resolving small capacitance changes of less than 0.2
pF with a time resolution of 0.25 Hz. A surface process will prompt a change in interfacial

capacitance and resistance, leading to a resonance peak shift.

RESI, data acquisition can be performed in real time, which enables time-resolved
measurements with enhanced sensitivity and improved signal resolution. When a hanopatrticle
passes through the cell, it can form reversible agglomeration or pass through the flow cell.
The effective capacitance and resistance in the region between the electrodes will change,

accordingly, resulting in a shift in the actual resonance frequency.

The RESI capacitance can be calculated from the maximum resonance frequency, at fo, when
the current is minimum, and the total impedance is at the maximum. Below fo, the circuit is
inductive and above fo, the circuit is capacitive and dominated by the electrode impedance.
For most ordinary electrolytes, the solution resistance Rs matches the inner resistance of the
inductor R. (Rs~R.).?® From the circuitry (Figure 3.3-7), the electrode pair becomes the
resonator and its resonance frequency is related, relatively accurately, to the RESI

capacitance (C) according to Eq. 3-8, valid for an ideal RCL-resonator.

1

fo= 21 /LCq

Where fo = resonance frequency, L = inductance and Cr = RESI capacitance.

(3-8)

RESI, data acquisition can be performed in real time, which enables time-resolved
measurements with enhanced sensitivity and improved signal resolution. When a nanopatrticle
passes through the cell, it can form reversible agglomeration or pass through the flow cell.
The effective capacitance and resistance in the region between the electrodes will change,
accordingly, resulting in a shift in the actual resonance frequency. An interpretation of the
RESI capacitance (Cr) is complex in a flow cell and needs further exploration. In a qualitative
explanation, the RESI capacitance (Cr) can be viewed as influenced by the interface at an

electrode-electrolyte interface comprised of the compact layer (C.) with the inner and outer
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Helmholtz planes and the diffusion layer (D.). The capacitance increases with decreasing
separation between the electrode surface and plane of closest approach of ionic charges.
When an adsorbed layer comprised of NPs is deposited on the electrode surface, the
electrolyte will be partially shielded from the electrode, if the adsorbed layer is insulating or
result in a rougher and larger surface area, if it's conducting. This can be described as a serial
connection between a Helmholtz-type capacitor (Cc) and the diffuse layer capacitance (CopL)

with the total capacitance (Cr) given by:

—=— = (3-9)

where Cr = RESI capacitance, Cc. = compact layer capacitance and Cp. = diffuse layer

capacitance.

At planar surfaces and high electrolyte concentrations, the compact layer capacitances (CcL)
tend to be significantly smaller than diffuse layer capacitances (Cp.) and dominate values Cr
(CcL-Cr). CcL is nominally determined by es0Ad™, where ¢ is the dielectric constant of the
medium, &, the permittivity of free space, A the electrode area and d the distance that
separates the electrolyte from the electrode. In microfluidic systems, Cp. can vary empirically
with bulk properties such as electrolyte charge, concentration, dielectric constants of solvents,

physical structure of microfluidic channels and flow rates.03t

3.3.5. Nano-impact events on bare electrode surfaces

NP collision also known as nano-impact, is a process by which NPs dispersed in a colloidal
solution interacts by coming into electrical contact with the surface of an electrode generating
a current response that can be detected electrochemically.®>3* The significance of this
technique is that all the electrochemical activity detected at the electrode surface is from the
NP collisions. However, the drawback is that the technique gives limited information on the

electrochemical reaction derived from the current-time responses.
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Over the years, different experimental systems have been published using the electrocatalytic
current amplification technique such as: indirect particle voltammetry with different NP metal
cores (including IrOx, Au, C)**; electrode materials (including C, Au, Pt)34; and electroactive

reactant molecules (including N2H., NaBH, oxidations, H,O; reduction) etc.3>-%7

A new strategy for the quantitative detecting and characterising NPs upon collision with a
potentiated electrode was published by Compton et al.®8, based on the Faradaic charge
transfer as AgNPs collide with the electrode. This new approach was referred to as direct
particle voltammetry. Unlike the indirect particle voltammetry that uses electrocatalytic
amplification technique, direct particle voltammetry does not require electroactive reagents to
generate nano-impact events. In this technique, the NPs are directly oxidised/reduced once
in contact with the potentiated electrode surface. While employing the direct particle
voltammetry technique, Haddou et al.>®* demonstrated the possibility of deriving reversible and
irreversible kinetic data from the oxidation of copper NPs. Metallic NPs were not the only
particles under investigation in their study, other nanomaterials were reported including

organic NPs such as indigo*®#!; and soft NPs such as emulsion droplets*> and liposomes*:.

In the course of nanoparticle-electrode interactions, two main collision responses have been
identified, current spikes and current staircases, arising from the transient times i.e. the time

taken for the NPs to come into contact with the electrode surface (see Figure 3.3-8).%4
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Figure 3.3-8: Schematic of NPs impact at inert electrode surface. Chronoamperometric curves

showing the collision responses of individual Pt NPs (diameter ca. 4 nm) at Ni UME E = 0.12 V (spike)
and E = 0 V (staircase) in 50 mM PBS (pH 7) containing 8.7 mM hydrazine. Adapted from Ref. 45.

The current spikes are caused by a brief interaction of the NPs with the electrode surface while
the current staircase responses are caused by more permanent changes at the electrode
surface.® It has been reported that these changes were caused by agglomeration or

aggregation of NPs at impacts, depending on the type of collision responses.

3.3.5.1.  Spike responses caused by nano-impact collisions

Faradaic and non-Faradaic currents can generate spikes on electrochemical profiles (Figure
3.3-8), and such responses are facilitated by short contact time of nanoparticles at electrode
surface causing their temporary adsorption.*® Furthermore, Scholz studies observed that non-
Faradaic spikes were caused by charge transfer on current-time transients. Interestingly, the
Compton group have shown that Faradaic charge transfer can also give rise to current time
transients via the direct oxidation of AgNPs during collisions at electrode surface.® In their

findings, they were able to distinguish agglomerates from individual NPs, and these estimates
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were in sensible agreement with the microscopic characterisation of the NPs via transmission

electron microscope (TEM) and scanning electron microscope (SEM).4748

As previously mentioned, nano-impact has been used as a tool to determine NP size using
oxidising current spikes. Particle size*®%° is not the only quantitative information that can be
deduced from NP collision, other publications include the use of landing frequency to

determine NP concentration®°2 and solution viscosity“°.

3.3.5.2.  Staircase responses caused by nano-impact collisions

Having considered the response from temporary collision of NPs on electrode surface i.e.
spikes response, it is important to comment on the other type of collision response (Figure
3.3-8). Staircase or stepwise current response denotes more permanent changes at the
electrode surface due to the cumulative adsorption of NPs at the electrode surface.*® As the
NPs approach the electrode surface, they irreversibly collide with and stick to the electrode
surface, whereby the permanent adsorption of NPs at electrode surface causes discreet
current increments. The first observation of such a response was published by the Bard
group®:. From their publication, using the indirect particle voltammetry technique, dilute
solutions of Pt NPs were added in electrolyte solution with low concentration of hydrazine, the
hydrazine oxidation was found to occur only at NP surface generating a staircase response.
Similar to the finding by the Compton group on particle size determination with nano-impact
experiment, the Bard group®! have also shown that their method is useful in the determination

of particle size as their results were found to be in agreement with TEM images.>!

Nano-impact collision events were carried out using electrochemical technique called
chronoamperometry with the Autolab potentiostat and the zLAB was used to carry out the

RESI experiments.

3.3.5.3. Chronoamperometry experiments
All chronoamperometry experiments were carried out using a microfluidic flow cell; a thin-film

integrated sensor (MicruX Technologies, Spain) was mounted onto PEEK flow-cell. The PEEK
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flow cell was composed of AlO-cell fitted with PEEK Add-on (MicruX Technolgies, Spain)
which was connected to an Aladdin pump (World Precision Instruments, UK) with a syringe
and 0.056 1.D. AutoAnalyser pump tubes (Technicon Corporation, USA) attached to the flow
cell. The ‘inflow’ tubing brought the electrolyte and NPs solution to the flow cell from the
attached Aladdin pump and syringe and, the ‘outflow’ tubing removed the cell content to the
waste beaker. The cell’s internal volume is between 60-500 nL with an inlet channel of 0.5
mm.>® The flow cell was connected to a universal cable then to the potentiostat with banana

plugs to attach the reference, working and counter electrode connections from the instrument.

The Chronoamperometry measurements were performed on Autolab PGSTAT 12
potentiostat (Metrohm Autolab B. V., The Netherlands) using the latest NOVA software. The
Chronoamperometry setting were adapted according to the experiment being carried out;

potential hold and time duration of the experiment.

3.35.4. RESI experiments

The RESI experiments (RESI capacitance measurements) were carried out using z-LAB-210-
S2 (Layerlab, Sweden. Clean gold sensor chips provided by Layerlab AB were mounted onto
the sample holder, all measurements were carried out using z-Measure software from the
same company. The apparatus has a cell volume of up to 1 pL. Once the flow rate was set to
the appropriate flow set on the z-Measure software, the ‘wash’ sensor chip was mounted to
enable the wash of the electrolyte or solvent, depending on the study undertaken, to run
through the system prior the start of the measurement. Once the system was ready, the ‘wash’
sensor chip was removed and the clean sensor chip (bare of immobilised with lipid molecules)
was mounted, the software would then be set to start recoding the measurements. This initial
run of electrolyte solution would be set for 15 min to allow the system to stabilise before
injections of NPs or solvent can be carried out. A syringe was used to inject the appropriate
liquid (electrolyte, lipid vesicles solution or NPs solutions, 200 pL) into the integrated injection
valve containing a loop system of 200 pL volume, this enabled the solution/sample to be

injected into the microfluidic system. For every injection, the start and end of injection would
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be recorded and so would its duration. The overall duration of the measurement was

dependent on the study under investigation and this would also determine the different stages

of solutions injections and electrolyte runs.
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4. Nanoparticle impacts on gold
electrode surfaces in Flow-Injection
configuration

This chapter reports on the effect of flow rates on the fate of nanoparticles impacting
an electrode surface, in real, commercially available flow systems. Resonance
Enhanced Surface Impedance (RESI) and particle Chronoamperometry (CA) were
used for monitoring dodecanethiolate (DDT-) and (w-ferrocenylhexanethiolate) NPs
(FcHT-) stabilised silver (Ag) and gold nanoparticles (AuNPSs) as they collide at bare

gold working electrode surfaces in a Flow Injection Analysis (FIA) format.

4.1. Introduction

Stochastic NP electrochemistry has boosted the interest in the study of random events of NP
collisions at electrode surface. To carry out a nano-impact experiment, an inert electrode in a
colloidal suspension is immersed in an electrolyte solution, and a potential is applied to the
electrode which aides NP-electrode collisions that would otherwise occur due to Brownian

motion of NPs.!

4.1.1. General aspects of NP collisions

NP electrochemistry has become a good platform for the electrochemical detection of
individual and multiple NP collisions with electrode surface. A fast, simple and easy method
of employing electrocatalytic current amplification technique was first developed and
published by Xiao and Bard.? In this technique, the redox reactions only take place at the
surface of the electrocatalytically active NPs as these come into contact with the surface of
the electrode; such interactions result in the amplification of the current response.? Prior to this
method, it was challenging to detect individual NP collision process due to noise and

background level being far greater than the current signals arising from few electrons transfer
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between NPs and electrode surface. According to Xiao and Bard?, a carbon fibre
ultramicroelectrode (UME) was immersed in an aqueous solution containing dispersed Pt NPs
and electroactive species, the UME was held at constant potential to promote redox reaction
on the Pt NP and not on the electrode. The signal produced in current-time profile is indicative

of the collision behaviour of NP at electrode surface.

4.1.2. Formation of nanoclusters by either agglomeration or aggregation

NPs tend to form clusters either by aggregation or agglomeration; aggregates refer to strongly
bonded colloidal particles and agglomerates to weakly bonded particles, which can lead to
reversible phase separation.* However, under conventional particles characterisation such as
TEM or SEM or even Dynamic Light Scattering (DLS), it is difficult to distinguish one clustering
process from another. A study published by the Compton’s group® have demonstrated the
ability of the electrochemical nano-impact technigue in identifying the modes of NPs clustering,
in high ionic strength solutions. Their results revealed that the particles detected by nano-
impact experiments were agglomerates not aggregates, as smaller sizes were determined
after mechanical agitation; they referred to this process as reversible agglomeration. The
Unwin group® published a study that contradicts the use of nano-impact events as ‘not
appropriate’, for a general method as size characterisation technique for NPs. They argued
that though the technique enables the acquisition of useful information on the physicochemical
interactions between impacting NPs and potentiated electrode surfaces, however partial or
incomplete oxidation of impacting NPs resulted in wrong size estimations thus inaccurate size
distribution was analysed for large particles (>20 nm). Their article raises a valid conclusion;
however, we hope that the use of the nano-impact technique coupled with flow injection
system would shed a light into mode of clustering of thiol stabilised NPs at potentiated

electrodes.

Though nano-impact in a Flow Injection Analysis (FIA) configuration is complicated by near
wall hindered diffusion in addition to Brownian motion. Compton et al.” reported the concept

of reversible ‘hydrodynamic adsorption’ resulting from near-wall hindered diffusion which
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increased the residence time within the tunnelling region of the electrode where the particles

are influenced by the electrode potential.

The purpose, in this chapter, is to study the effects of flow rates and redox activity on the
(semi)quantitative, transient collision behaviour of thiol-capped silver and gold NPs on bare
gold electrodes, in analytical systems with time scales that are representative of real analytical
applications. Experimental results, using two different techniques, are reported. The well-
known direct particle chronoamperometry is used together with a lesser known technique,
Resonance Enhanced Surface Impedance (RESI)® to give complementary information on the

effect of NP collisions on an electrode surface.

Two types of nanopatrticles were used in these studies. Dodecanethiol (DDT) modified NPs
were used while investigating the effect of changing the flow rate of NP injection. Redox active,
w-ferrocenylhexanethiolate (FCHT) NPs were used to investigate the effect of oxidation of the

ferrocene moieties at the electrode surface poised at an oxidizing potential.

In this research, we have chosen to use direct particle voltammetry to eliminate the use of
extra redox species needed in catalytic reactions as well as simplify the signal interpretations
arising with NPs interacting at electrode’s surface. The RESI technique which is a new
platform in the study of nanoparticle-electrode collisions will also be used in this research to
enable the investigation of AgNPs interactions while monitoring in real-time the change in

RESI capacitance.
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4.2. Results & Discussion

Stochastic collisions of NPs occur at bare electrode surface and these can cause the
adsorption of NPs at electrode surface. Depending on the collision behaviour, the adsorption
can either be permanent or semi-permanent thus generating discrete current-time traces.®°
The different studies in this chapter investigate the interactions between thiol-capped silver
and gold NPs on bare gold electrode surfaces, to determine the effects of particle flow rates
and NP electroactivity. In both RESI and the Micrux microfluidic cells, laminar flow was used;
ensuring that the mixing between miscible fluids in contact with each other occurs only through

diffusion.

The NPs were synthesised using chemical reduction methods and the ligands modification

was carried out according to published works to yield electroactive FcHT-Ag and AuNPs.%12

Particle size distribution from TEM analyses has demonstrated mono- and polydisperse
metallic NPs nanoparticles (Figure 4.2-1), the mean particle sizes for all NPs were determined

in Table 4.2-1.

Table 4.2-1: Particle size distribution of metallic NPs by TEM technique.

AUNPs AgNPs
DDT 2.8+1.04 nm 49+1.2nm
FcHT 55+ 2.91 nm 8.0+x2.4nm

The aryl, ferrocenated thiol ligands, adds steric crowding around the metal core.'®'* When
compared to the alkyl, dodecane thiol ligand stabilising the metal core, the later would exhibit
smaller sizing of the NP due to its straight chain alkane thiol whilst FCHT NPs would yield

larger core diameter sizes.

Thiolated metallic nanoparticles and their interactions with lipid membranes 75



Nanoparticle impacts on gold electrode surfaces in Flow-Injection configuration

A

Figure 4.2-1: Transmission electron microscopy (TEM) images of thiolated silver and gold
nanoparticles; A) DDT-AgNPs and DDT-AuNPs, B) FcHT-AgNPs and FCHT-AuNPs.

In this chapter we will discuss the different collision behaviours of both NPs (silver and gold)
at gold electrode surfaces; we expect the nanoparticle-electrode collision processes of both

NPs to yield different nano-impact characteristics due to their varied stability and homogeneity.

Every experiment at each study, for both Ag and AuNPs, was carried out in the same way
unless stated otherwise. All the Chronoamperometry experiments were performed using thin-
film integrated sensors (MicruX Technologies, Spain) incorporating three-electrode
configuration; 150 nm thin-film gold electrode (A = 0.8 mm?), 150 nm thin-film platinum counter

and reference electrodes (Figure 4.2-2). To set the flow rate for the measurements, an Aladdin
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pump (World Precision Instruments, UK) was used with a syringe and appropriate tubing
attached to a PEEK flow-cell (MicruX Technolgies, Spain) and, the flow settings were as
indicated in the studies. The cell was placed in a Faraday cage to minimise interferences and
all measurements were carried out at room temperature. Baseline corrections and any other

additional data analysis were carried out using OriginPro 2017 (Origin Lab Corporation).

B
[
To potentiostat ﬁ
—
Inflow
Reference / Counter

electrode (Pt) electrode (Pt)

Working
electrode (Au)

Outflow

Figure 4.2-2: A PEEK flow-cell showing its connections: A) to the potentiostat and connectors (inflow
— connecting to the Aladdin pump and outflow connected to the dispenser), B) the cell being fitted with
the electrode with the inset of the thin film electrode (Au/Pt) incorporating the three-electrode system,
made from glass substrate.

4.2.1.  Preliminary results of nano-impact collisions

Initially three different concentrations of DDT-AgNPs and DDT-AuNPs were used to monitor
the effects of concentration at a flow rate of 5 uL/min (Figure 4.2-3 and Figure 4.2-4). Three
concentrations are compared, ~1 ymol dm=3, ~5 ymol dm™ and ~25 ymol dm=3. The 1 pmol
dm~3 plots showed that the NPs remained at the surface of the electrode with the longest dwell
time which would allow chronoamperometric studies to be performed. The 5 pumol

dm™ showed very low dwell times on the electrode surface especially for DDT-AgNPs,
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whereas the 25 pmol dm™ showed the smallest change in RESI capacitance. These
differences are likely to be due to changes in agglomerate formation. Subsequent, detailed
studies were carried out with the 1 pmol dm™ AgNP solution. RESI results revealed that the
concentration of NPs influenced the nano-impact collision events at electrode’s surface.
Whereby at lower NP concentrations, U-shaped valleys were detected (synonymous of long
stay of the adsorbed NPs at electrode’s surface before NPs adsorption took place) and at
higher concentrations, spikes were detected (synonymous of “Hit-n-Run” collisions). Results
from the Chronoamperometric measurements revealed that the more concentrated the NP

solution, the more agglomerated NPs were detected at nano-impact collision events (Figure

4.2-3 and Figure 4.2-4).
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Figure 4.2-3: Change in RESI capacitance vs time observed upon injection of 3 different concentrations

of DDT-AgNPs on gold electrode surfaces in a running electrolyte solution of 0.1 M KNOg3; at 5 yL/min
flow rate.
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Figure 4.2-4: Change in RESI capacitance vs time observed upon injection of three different
concentrations of DDT-AUNPs on gold electrode surfaces in a running electrolyte solution of 0.1 M
KNOsg; at 5 pL/min flow rate.

Table 4.2-2: Quantitative determination of nanoparticle-electrode collisions of DDT-AgNPs on gold
electrodes for systems at different concentration ratios.

a results for DDT-AgNPs and b results for DDT-AuNPs.

NP Number of | Nano-impact

concentrations metal atoms | sizing (nm)

(M)

~1.0 1.89 x 10°2 6.71+2.052
1.49 x 10°b 3.99+0.90°"

~5.0 6.86 x 10°%2 12.8+3.962
2.56 x 109b 5.86+2.16"

~25 7.18 x 10°2 13.8+4.702
6.12 x 10%° 7.84+£212°b
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4.2.2.  Nano-impact collisions of DDT-capped metal nanoparticles

The effect of changing the flow rates on DDT-AgNPs and the nanoparticle-electrode collision
behaviour at bare gold electrode surfaces was studied using RESI and Chronoamperometry.
Flow rate of 5 pL/min with the residence time for 40 min compared to the flow rate of 100
pL/min at 5 min residence time were compared. Furthermore, this study will compare the nano-
impact events of DDT-AgNPs with that of DDT-AuNPs using both RESI and patrticle

chronoamperometry technique i.e. Chronoamperometry.

For more detailed information on the set up of the nano-impact collision experiments and the

physical meaning of RESI capacitance responses were outlined in Chapter 3.

4.2.2.1. Nano-impact collision experiments of DDT-AgNPs

RESI analysis

The collision and adsorption behaviour of DDT-AgNPs (1.1 uM) was investigated using z-LAB
for real-time measurements by following changes in RESI capacitance in a background
solution of 0.1 M KNOg, upon injection of NP dispersed in EtOH. 200 uL of the dispersed
solution (DDT-AgNPs dispersed in EtOH solvent) was injected into the system after 15 min

stabilisation and the changes in RESI capacitance responses were recorded (Figure 4.2-5).
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Figure 4.2-5: Change in RESI capacitance vs time at different flow rates for the collision behaviour of
DDT-AgNPs (black solid line) on gold electrode surfaces in a running electrolyte solution of 0.1 M
KNOs; A) 5 yL/min and B) 100 yL/min. DDT-AgNPs compared to solvent (EtOH - dotted grey line).
[DDT-AgNPs] = 1.1 pM.

Two flow rates were compared to assess the effects of flow rate by collision behaviour of DDT-
AgNPs on the electrode surface. At a low flow rate (5 pL/min, Figure 4.2-5A), the injection of
EtOH to the agueous KNO3 background electrolyte resulted in a decrease in RESI capacitance
of 103 = 6.3 nF (Figure 4.2-5A dotted line). It has been reported that the Electrical Double
Layer (EDL) capacitance varies with the physical properties of the solvent in the
electrolyte.'®1% A study by Hou et al.*” using Electrochemical Impedance Spectroscopy, a two-
electrode system with platinum electrodes was carried out to identify the key properties of
solvent that has a greater influence on the EDL capacitance. They reported that the EDL
capacitance changes were not related directly to dielectric constants or dipole moments of the
solvent but were proportional to the length of the molecule along the dipole moment.*” A range

of solvents were tested (acetonitrile, ethanol, water etc.) and the EDL capacitance value for
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water was 35 UF cm? compared to 11 uF cm? for EtOH. It is likely that a similar trend is

manifested in the changes in RESI capacitances observed.

The injection of DDT-AgNPs loaded EtOH showed an instantaneous U-shaped decrease in
RESI capacitance of 67 + 2.9 nF (Figure 4.2-5A solid line), which is approximately 36 nF less
decrease in RESI capacitance compared to EtOH without the AgNPs. Although we have
attributed the U-shaped dip to the adsorption/agglomeration followed by
desorption/disintegration of any AgNPs clusters formed at the gold electrode’s surface. An
alternative interpretation could be that the U-shaped response be due to the solvent in which
the NPs were suspended in, and the shoulder peak increase seen on Figure 4.2-5A solid line
between t = 50 and 60 min, referring to the reversible agglomeration of NPs at electrode
surface followed by desorption and disintegration of NPs clusters. This process (reversible
NPs clustering and conseguence disintegration) can cause an increase in surface roughness
and consequently the surface area of the electrode, resulting in higher RESI capacitance

compared to the injection of EtOH.

At a higher flow rates (100 uL/min, Figure 4.2-5B) injection of EtOH displayed less decrease
in RESI capacitance of the order of 32 nF £ 2.4 nF (relative to the background electrolyte).
The DDT-AgNPs loaded EtOH did not show any decrease in RESI capacitance (Cg) at this
given flow rate, a blip was observed with a slight increase in RESI capacitance of about 10

nF, suggestive of NPs clustering and disintegration at electrode’s surface.

These preliminary experiments indicate that at the slow flow rate of 5 pL/min, dwell time in the
microfluidic chamber is sufficiently slow to enable the particles to form reversible agglomerates
on the Au electrode surface. These qualitative, first experiments clearly indicated the major

effect of flow rate on the capacitance on an electrode in a microfluidic chamber.
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Chronoamperometric analysis

The redox behaviour of the DDT-AgNPs was first identified by modifying the surface of the
gold electrode with DDT-AgNPs; the electrodes were held at a potential of 0.6 V and the cell
was filled with a solution of NPs in EtOH dispersion and 0.1 M KNOs for 45 min. This technique
enabled the immobilisation with thiolated NPs to form SAM layer in situ on gold electrode
surface by electrochemical deposition method (method outlined in Chapter 3).18 Following the
modification of the working electrode surfaces, electrochemical experiments were performed
in a solution of 0.1 M KNO3 which yielded an anodic peak at 0.05 V and a small cathodic peak
at -0.28 V (vs Pt reference electrode), at a scan rate of 50 mV/s. The background solution
(before) did not show any peaks (Figure 4.2-6). The Cyclic Voltammograms (CVs) observed
were not dissimilar to those reported previously*1"°, There are few reports of size related
physical properties of silver nanopatrticles less than 15 nm which differ from those of bulk
metal. Chaki et al.?° performed CVs on DDT-AgNPs of different sizes dropcast on Pt disc
electrode from toluene dispersions. They reported small peak currents with CVs showing
sharper anodic than cathodic peaks, they suggested that this was due to “more facile oxidation

process”.
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Figure 4.2-6: Cyclic Voltammetry responses of DDT-AgNPs modified gold electrode in 0.1 M KNOs at
50 mV/s scan rate; ‘before’ refers to the measurements carried out using unmodified electrode and
‘after’ refers to the measurements carried out using the DDT-AgNPs modified electrode.

Chronoamperometric measurements were performed using a flow cell system set at the
appropriate flow rates with the working electrode held at 0.1 V vs a Pt pseudo reference
electrode (Figure 4.2-7); a potential that promotes the oxidation of DDT-AgNPs. Results
obtained at a flow rate of 5 uL/min indicate that following the injection of DDT-AgNPs dispersed
in EtOH (1.1 uM) into the running electrolyte solution (Figure 4.2-7A), a sharp increase in
current by approximately 132 nA, followed by subsequent current transients, were observed.
However, the injection of blank EtOH into the background electrolyte was featureless (inset
on right hand side in Figure 4.2-7). The large increase in current at the slow scan rate must
be caused by agglomerated DDT-AgNPs on the Au electrode surface. The insets in Figure
4.2-7A show the shape of the two peaks obtained in approximately 80 s after injection. These

spikes observed likely correspond to the partial oxidation of agglomerated DDT-AgNPs.

Thiolated metallic nanoparticles and their interactions with lipid membranes 84



Nanoparticle impacts on gold electrode surfaces in Flow-Injection configuration

0.10

o
kS

T 03 <:
f e A
— 044 3, : J EtOH
<:g_ 9.0 s o . 200 400
N> 200 220 240 260 2
e Time (s)
[
O 0.2-
5
injection into
O 71 background electrolyte \
0.0 - ! i : i | B
200 400 600
0.015 9 .30
<
2 = 0.004
2 0010 R
S i 0.000
E 0005 -] 210 215 220 225 2 0
O injection into Time (s)
1 background electrolyte
0.000 [T e - 4 Ldul b . 1 AI
0 200 400 600

Time (s)

Figure 4.2-7: Current-time signals representing DDT-AgNPs (1.1 uM) oxidation at bare gold electrodes
by applying E = 0.1 V at (A) 5 pL/min and (B) 100 yL/min as the set flow rate in a running electrolyte
solution of 0.1 M KNOs. The 151200 s in both runs is the stabilisation period with only electrolyte solution
running. After 200 s, the DDT-AgNPs dispersed in EtOH was injected. Injection points are depicted by
an arrow. [DDT-AgNPs] = 1.1 uM.

The insets on the left, show the first 2 oxidation peaks following the insertion of NPs. The inset on the
top right shows the effect of the solvent EtOH without NPs.

From the information extracted from Figure 4.2-7A, spike charge (Q, charged passed under
an individual spike) at impact was determined by the integration of spike area under current-
time signal, (Q = [ Idt).?* From this value, assuming full oxidation of Ag (this assumption is
not strictly accurate but gives an indication of the minimum number of AgNPs in an
agglomerate), the number of Ag atoms oxidised per NP impact was determined as it is related
to the anodic charge by Faraday’s Law where n is the number of moles of Ag and z the number
of electrons exchanged during the oxidation of Ag atoms (Q = nzF), z which corresponds to 1

and the Faraday constant (F, 9.65 x 10* C mol?).2

A study by Ellison et al.?! on the use of nano-impact events to determine the sizes of AQNPs

as well as the state at which these NPs aggregate or agglomerate. In their study, they
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assumed that NPs were spherical in size and that the direct oxidation of AgNPs were
responsible for the spike current, although their results detected both aggregates and
agglomerates at nano-impact events, they used Eq. 4-1 to enable them to carry out the
distinction of states. The same method was utilised in our study to quantify the nano-impact
events; for each current spike generated, the impacting NPs at the working electrode
generated anodic spikes which were associated with the charge passed during the oxidation
of the NPs at impact on the electrode’s surface. Eq. 4-1, taken from ref. 22, was used to
determine the NPs diameter size (dne) from charge Q, atomic molar mass of silver (My, 107.9

g mol?), the Faraday constant (F, 9.65 x 10* C mol*) and density of silver (o, 1.05 x 106 g m-

/3|v| Q
d. =23 w 4-1
NP 4F 7p 1)

From the results of the direct oxidation of DDT-AgNPs at 5 and 100 pL/min, after the injection

3).23

of the NPs into the background electrolyte was analysed using the equation stated below to
determine dye (Eq. 4-1) and N (Q = eN with e = electron charge, 1.60 x 10'*° C) at nano-impact

events.

Table 4.2-3: The determination of the NP diameter (dnp) and the number of Ag atoms (N) for each peak
taken from Figure 4.2-7 inserts following the insertion of NPs for the oxidation of DDT-AgNPs at 5 and
100 pL/min.

Flow rate NP or aggregate | Number of Ag atoms
diameter (dnp) /nm (N) for each peak
5 pL/min Peak 1 9.0 x 102 3.1x 10
Peak 2 9.1 x 102 3.2x 108
100 pL/min Peak 1 5.0 x 10t 9.4 x 10%°
Peak 2 3.5x 10! 4.8 x 10%°

Analysis of each of the first two peaks gives approximately a diameter of 9.1 x 10> nm (5
pL/min, Table 4.2-3), corresponding to large aggregates of at least 100-150 Ag NPs.

Subsequently, split spikes (circled in Figure 4.2-7A) were observed. We believe these spikes
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were caused by a perturbation and breakdown of the large agglomerates of DDT-AgNPs on

the Au electrode surface accompanied by multi-electron tunnelling of electrons.

At a higher flow rates (100 pL/min, Figure 4.2-7B), the injection of DDT-AgNPs loaded EtOH
did not show an increase in baseline capacitance compared to the background solution. Sharp
spikes were observed with peak currents of about 6 nA. The inset in Figure 4.2-7B, showing
an expanded view of the first 40 s after injection of the NP; indicate an exponential decay of
current. The current spikes died down after approximately 700 s, indicating any adsorbed NPs
were washed out by the background electrolyte in this time frame. We are confident the spikes
are caused by NP impact as EtOH without the NPs under similar conditions, did not display
the spiking behaviour. Chronoamperometric analysis of the first two peaks gave an
agglomerate diameter of 50 nm for the first peak and 35 nm for the second peak,
corresponding to much smaller sizes of 4-5 NPs per agglomerate, compared to the sizes
determined at slower flow rate. This phenomenon must have been due to the reduced dwell
time of the AgNPs containing solution in the microfluidic chamber at higher flow rate, identified

in the RESI results.

Conventionally, nanoparticle collision experiments are carried out in static systems whereby
the Brownian motion transports the NPs to the electrode’s surface. Jiang et al.?* investigated
the role of magnetic stirrers in such experiments while Robinson et al.?® used a magnetic field
to help guide magnetic NPs through microfluidic devices for their detection via impact events.
Both findings, from Jiang and that of Robinson and their co-workers, have demonstrated the
use of hydrodynamic systems for an increase in current intensities during collision events;
using forced convection dramatically increased the collision frequencies showing up to 6-fold
current signal increase. In our experiments, we observed an expected increase in collision
frequencies with increased flow rate. The related observation was of the shape and size of the
current spikes. Broader spikes as detected at lower flow rate (5 puL/min) were found to be

synonymous to the detection of large agglomerated particles at impact events. The narrower
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spikes detected at higher flow rates (100 pL/min), may be evidence of multiple individual
collisions yielding smaller agglomerated particles. The responses at higher flow rates are likely
to be to more “Hit-n-Run” type collisions with multiple individual collisions seen with the
presence of Faradaic spikes and short transient time. At slower flow rates; the response was
likely to be a combination of “Hit-n-Stand” and “Hit-n-Run “collision, with more “Hit-n-Stand”
characteristics consistent with the detection of semi-permanent adsorbed NPs agglomerates
at electrode’s surface.?® We would expect that if large agglomerates hit the surface of the
electrode without fully being desorbed, this would lead to partial detachment of adsorbed NPs
at electrode’s surface followed by the generation of stepwise current increases with

subsequent NPs collisions however, this was not detected during our experiments.

4.2.2.2. Nano-impact collision experiments of DDT-AuNPs

RESI analysis

Similar procedures were used in the study with DDT-AgNPs was carried out for the collision
and adsorption behaviour of DDT-AuUNPs, the changes in RESI capacitance responses to the

nano-impacts events at electrode’s surface were recorded (Figure 4.2-8).
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Figure 4.2-8: Change in RESI capacitance vs time at different flow rates for the collision behaviour of
DDT-AuNPs (black solid line) on gold electrode surfaces in a running electrolyte solution of 0.1 M
KNOs; A) 5 yL/min and B) 100 yL/min. [DDT-AuNPS] = 1.2 pM.

The collision behaviour study of DDT-AuNPs was investigated by comparing the two flow
rates; 5 and 100 puL/min (Figure 4.2-8), in assessing the effects of flow rate on the electrode

surface.

Following the interpretation of the RESI results that the shoulder peak on the NPs curve be
that of reversible NPs agglomeration at electrode’s surface seen in Figure 4.2-8A and B
between t = 60-70 min at 5 pL/min and between t = 17-20 min at 100 pL/min, these results
can be said to support such conclusion. With the presence of U-shaped RESI capacitance
showing solvent effect instead of the reversible AgNPs clustering process formed at the gold
electrode’s surface. Alternatively, the reduced RESI capacitance for DDT-AuNPS; 16 nF £ 5.3
nF compared to 67 + 2.9 nF of DDT-AgNPs, could be said to be evidence of minimal
agglomeration of absorbed NPs at electrode surface at lower flow rate compared to high flow

rate showing reduced agglomeration and adsorption events.
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What we need to understand from these metallic NPs is that, AQNPs are known to have a
higher heterogeneity thus they have an increased instability as colloidal solution, their NPs
instability lies in the ‘failure of the protective coating to prevent agglomeration’?” as the
compatibility of dodecanethiol ligands depend on the nature of the solvent.?® A study by
Stevenson et al.? investigating different strategies to maintain homogeneity of AgNPs in
agueous solutions have found that making alloys of the compound i.e. bi-metallic core shells
such as Ag-Au, are more stable than simple AgNPs. On the other hand, Au has higher electron
affinity than Ag, hence as metallic core, they form stronger interactions with their capping
ligands to make stable NPs compared to AgNPs. As a result, Au containing NPs have

improved size, long term stability and homogeneity.

Chronoamperometric analysis

The redox behaviour of the DDT-AuNPs was first identified by modifying the surface of the
gold electrode with DDT-AuNPs in the same way with that of the DDT-AgNPs, then performing
electrochemical experiments in a solution of 0.1 M KNO3 which yielded a strong anodic peak
at 0.05 V (vs Pt reference electrode), at a scan rate of 50 mV/s. From Figure 4.2-9, two anodic
peaks are seen, it has been reported that alkanethiolate-protected AuNPs generate multiple

peaks.3°
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Figure 4.2-9: DPV responses of DDT-AuNPs modified gold electrode in 0.1 M KNOs at 50 mV/s scan
rate.

Chronoamperometric measurements were performed using a flow cell system set by poising
the electrode potential of the working electrode at 0.1 V vs a Pt pseudo reference electrode
(Figure 4.2-11), applying the appropriate flow rates and measuring the current response from

the oxidation of DDT-AuUNPs at potentiated electrode surface.

Following the injection of DDT-AUNPs dispersed in EtOH (1.5 uM) into the running electrolyte
solution (Figure 4.2-11), a similar sharp increase in current by approximately 0.33 pA was
recorded, followed by subsequent current transients, were observed. Although we observed
a slight increase in mean diameter sizes for DDT-AUNPs, from 4.2+ 1.6 nmto 5.2 £ 1.7 nm
with increasing flow rates, 5 pL/min and 100 pL/min respectively. However, further analysis of
the number of Au atoms detected per nano-impact events revealed that larger aggregates of
NPs were determined at slower flow rate (5 pL/min), synonymous to the large number of Au

atoms (Figure 4.2-10).
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Figure 4.2-10: Distribution of NP size obtained from Q = eN to determine the number of Au atoms per
nano-impact event, based on the nano-impact results from Figure 4.2-11 of DDT-AuUNPs dispersed in
EtOH in a running electrolyte solution of 0.1M KNOs.

On the other hand, the analysis of DDT-AgNPs registered a decrease in mean NP sizes from
527 + 575 nm to 33 + 8.5 nm with increasing flow rates (Table 4.2-4). Consequently, we can
differentiate the findings from both metallic NPs, with agglomerated AgNPs forming clusters
and increasing in sizes as the flow rates are lowered, while no such evidence of cluster
formation was detected for DDT-AuNPs. Thus, supporting the conclusion of the instability of

AgNPs in aqueous solvents, and its higher affinity to aggregate especially at lower flow rate.
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Figure 4.2-11: Current-time signals representing DDT-AuNPs (2.3 pM) oxidation at bare gold
electrodes by applying E = 0.1 V at (A) 5 yL/min and (B) 100 pyL/min as the set flow rate in a running
electrolyte solution of 0.1 M KNOs. The 15t 200 s in both runs is the stabilisation period with only
electrolyte solution running. After 200 s, the DDT-AuUNPs dispersed in EtOH was injected. Injection
points are depicted by an arrow. [DDT-AuNPs] = 1.2 uM.

The insets on the left, show the first 2 oxidation peaks following the insertion of NPs. The inset on the
top right shows the effect of the solvent EtOH without NPs.

Table 4.2-4: Quantitative determination of nanoparticle-electrode collisions comparing nano-impact
sizing of DDT-AgNPs with DDT-AuNPs on gold electrodes at different flow rates: 2 dyp was determined
from Eq.4-1. Spike analysis and fitting were carried using OriginPro.

Flow Mean NP or aggregate | Mean nano-impact sizing | Mean number of metal atoms (N)
rates diameter of 1%t peaks | /nm?
(UL/min) | (dne) /AM?

AgNPs AuNPs AgNPs AuUNPs AgNPs AuNPs
5 583+316 |4.58+1.75 |527+575 |4.18+1.57 |8.30+5.10x10%* | 2.46+1.93 x10%"
100 29.4+9.20|4.85+0.78 | 33+850 |5.16+1.68 |1.08+0.57x10% | 3.64+2.92x10%°

When comparing the collision behaviour of DDT-AuNPs with DDT-AgNPs at different flow
rates in a background solution of 0.1 M KNO3z; (DDT-AuNPs - Figure 4.2-11, DDT-AgNPs -

Figure 4.2-7 and Table 4.2-4), the results obtained have demonstrated that both NPs have
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similar attributes of collision behaviours but different nano-impact sizing characteristics
overall. When comparing to the sizing by TEM; 2.8 £ 1.04 nm and 4.9 £ 1.2 nm for DDT-AuNPs
and DDT-AgNPs respectively, nano-impact sizing of AgNPs detected clusters thus generating
inflated sizing of NPs (527 £ 575 nm at 5 pL/min and 33 + 8.50 nm at 100 uL/min) compared
to individual NPs detected by TEM characterisation. However, nano-sizing of AUNPs detected
sizes of that can be said to be comparable to that of TEM characterisation at both flow rates;

4,18 +1.57 nm and 5.16 + 1.68 nm at 5 and 100 pL/min respectively.

We concluded that higher flow rates generated multiple individual NP collisions whereas
singular NP collisions were generated at lower flow rates, seen by the detection of multiple

spikes at higher flow rates compared to individual (sparse) spikes at lower flow rates.

4.2.3.  Nano-impact collisions of FCHT-capped metal nanoparticles

4.2.3.1. Nano-impact collision experiments of FCHT-AgNPs

The Electrochemical deposition method was also used to immobilise the gold electrode
surface in the same way as was outlined in the DDT-capped experiments. The electrochemical
technique used to determine the redox characteristics of FCHT-AgNPs in a solution of 0.1 M
KNOs3 was differential pulse voltammetry (DPV). The electrochemical responses recorded an
oxidative peak at +0.35 V, which was identified as the ferrocenium ion (Fc+) peak (Figure
4.2-12); oxidised Fc sites on nanoparticle have been recorded to give peaks in the region of
+0.2 to +0.30 V with the formal redox potential of Fc at +0.4 V.3! The peak at +0.03V

corresponds to the oxidation of silver to silver(l) ions.
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Figure 4.2-12: Voltammetry responses of FCHT-AgNPs modified gold electrode in 0.1 M KNOs; DPV
after modification of electrode. Sweep amplitude: 5 mV.

Both RESI and Chronoamperometry were then used to monitor the impact of the FCHT-AgNPs

in a flow configuration (Figure 4.2-13).
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Figure 4.2-13: A) Change in RESI capacitance vs time for the collision behaviour of FCHT-AgNPs
(dispersed in EtOH solvent) upon their introduction into a running electrolyte solution of 0.1 M KNOs at
a set flow rate of 5 uL/min; insert showing of nano-impact events at electrode’s surface. B) Current-time
signals representing the redox events of FCHT-AgNPs (dispersed in EtOH solvent) at bare gold
electrodes by applying potential at +0.5 V (inducing oxidation of FCHT ligands) at 5 pL/min as the set
flow rate in 0.1 M KNOs. ‘Blank’ is the background electrolyte. [FCHT-AgNPs] = 3.0 uM.

RESI analysis

The collision, adsorption and agglomeration behaviour in real time of using z-LAB was made
in a background solution of 0.1 M KNOs. 200 pL of FcHT-AgNPs dispersed in EtOH (3.0 uM)
was injected after 15 min stabilisation of the system and the changes in RESI capacitance
responses were recorded at 5 pL/min as set flow rate. The shape of the z-LAB traces for RESI
capacitance, following injection of FCHT-AgNPs in EtOH, showed an instantaneous U-shaped
decrease.

Reverting to the interpretation of the U-shape being significant to the indication of nano-impact
events of agglomerated NPs colliding at electrode’s surface seen with the presence of smaller
changes in RESI capacitance observed at the bottom of the U-shaped well. The RESI
capacitance for FCHT-AgNPs was lowered by 83 * 1.8 nF (Figure 4.2-13A) compared to the

background solution. This drop is approximately 16 nF lower compared to DDT-AgNPs and
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the dwell time of the agglomerated FCHT-AgNPs was calculated at approximately 16 min
compared to 14 min for the DDT-AgNPs, (insets; Figure 4.2-7A and Figure 4.2-13A). This
interpretation is further supported by a study by Compton et al.3! who reported that capacitive
effects on impacted electrode surface can be due to the perturbation of the double layer
electrode—electrolyte interface and from charging effects of the impacting NP. In view of this,
it is likely that the smaller RESI capacitive changes at the trough of the well are due to
perturbations of the bulky 6-(Ferrocenyl)hexanethiol groups upon impact as a sinusoidal

voltage of 40 mV is applied to the electrodes.

Any electrochemical response from a nanoparticle bearing multiple electroactive ligands
contains two contributions; one from the redox reactions of the ligand, and another from the
charging of the metal core. This means these metallic NPs can store multiple charge

equivalents which can be released over a narrow window of potential.

Chronoamperometric analysis

Chronoamperometric measurements were performed by poising the electrode potential at
+0.5 V, based on the DPV results (Figure 4.2-12). No Faradaic features were recorded at
‘blank’ injection, under potentiated conditions. However, spikes were generated immediately
following the injection of FCHT-AgNPs (Figure 4.2-13B). The collision of FCHT-AgNPs at the
electrode’s surface at positive potential must be, primarily, due to the oxidation at +0.5 V, of
FcHT ligands attached to the NPs and secondarily, to the multiple redox events of AgQNPs core

and the ferrocene ligands as the stabilising monolayer (Figure 4.2-13B).

FcHT-AgNPs are neutral in the bulk electrolyte. The current spikes generated by direct
oxidation of Fc ligand to Fc* cation via the collision of NP results in the repulsive NP-electrode
interaction at the electrode poised at +0.5 V, thus the inhibition of the formation of
agglomerates at electrode surface. Due to the complexity of the origination of cause of current

peaks; the ligands’ redox reactions or that of core metal charging, the estimation of NPs size
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using the Eg.4-1, may not be applicable, thus the comparison of sizes between impacting NPs

may be skewed.

4.2.3.2. Nano-impact collision experiments of FCHT-AuNPs

Differential pulse voltammetry (DPV) was used to determine the redox characteristics of FCHT-
AuNPs in a solution of 0.1 M KNO3 and, the deconvoluted curves revealed the peak for FCHT-
AuUNPs for the ferrocenium ion (Fc+) peak (Figure 4.2-14) was identified at +0.23 V and the
oxidation of gold to gold(l) ions at 0.15 V; when compared the DDT-AuNPs peak at 0.05 V for

the metal core oxidation, the anodic shift in voltage can be said to be influenced by the Fc

ligands.
BoeS Bl o FcHT-AuNPs
----- Fit Peak 1
0.10
0.23V — — —Fit Peak 2
—-—- Cumulative Fit Peak
<
=
& 0.05-
S !
(@) /
; Au>Au*+e
0.15V
0.00 &= _ Meeswiscesmwas B e e
0.0 0.2 0.4

Potential (V) vs Pt pseudo reference

Figure 4.2-14: Voltammetry responses of FCHT-AuNPs modified gold electrode in 0.1 M KNOs; DPV
after modification of electrode. Sweep amplitude: 5 mV. Insertion of deconvoluted curves for the
differentiation of metal core oxidation from Fc oxidation.

Applying +0.5 V potential at the working electrode for the oxidation of Fc ligands on the NPs

enabled the quantitative characterisation of NPs via nano-impacts (Figure 4.2-15).
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Figure 4.2-15: A) Change in RESI capacitance vs time for the collision behaviour of FCHT-AuNPs
(dispersed in EtOH solvent) upon their introduction into a running electrolyte solution of 0.1 M KNO3 at
a set flow rate of 5 pL/min; insert showing of nano-impact events at electrode’s surface. B) Current-time
signals representing the redox events of FCHT-AuNPs (dispersed in EtOH solvent) at bare gold
electrodes by applying potential at +0.5 V (inducing oxidation of FCHT ligands) at 5 pL/min as the set
flow rate in 0.1 M KNOs. ‘Blank’ is the background electrolyte. [FCHT-AuNPs] = 2.8 uM.

RESI analysis

The same parameters were applied for the nano-impact collision experiment for FCHT-AuNPs
as was carried out for FCHT-AgNPs; 200 pL of the dispersed ethanoic solution of the colloid
(2.8 uM) was injected into the system after 15 min system stabilisation at 5 yL/min as set flow

rate in a background solution of 0.1 M KNOs.

We reported for the FCHT-AgNPs, that the response of the RESI capacitance due to the nano-
impact events at electrode surface showed an instantaneous U-shaped decrease, with a
lowered RESI capacitance for FcHT-AgNPs of 83 + 1.8 nF (Figure 4.2-13A) compared to the
background solution. A decrease of RESI capacitance of 43 + 0.92 nF was obtained for FCHT-
AuNPs when compared to DDT-AuNPs, this RESI capacitance drop was approximately 27 nF

higher that of the DDT-AuNPs with a dwell time of 12 min.
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The calculations for the number of Fc ligands were adapted from Wolfe et al*?; assuming 1.5
nm as the ‘headprint’ of Fc molecules arranged as a sphere with its radius equal to the average
radius size of the metal core (Ag) plus the ligand chain length (-SC6Fe). The number of Fc

ligands was calculated as 63 for AQNPs and 57 for AuNPs.

As the nano-sizing results for FcHT-metal NPs cannot be utilised for further analysis in
determining the number of atoms at impacting events. Theoretical calculations were carried

out to allow the comparison.

Theoretical calculation of number of ligands per nanoparticle

Assumed that all particles are completely spherical, the number of metal atoms per NP was
determined using Eq.4-2 below from Liu et al®3.

_z pD’

N =
6 M

(4-2)

The TEM diameter (D), atomic molar mass of the metal (M, Ag = 108 g mol™* and Au = 197 g
mol?) and the density of face-centered cubic (fcc) of the metal (o, Ag = 10.5 g cm3 and Au =
19.3 g cm®).

Table 4.2-5: Determination of the number of atoms and ligands per NP.

TEM diameter Average number The number of Fc
(nm) of metal atoms ligands
DDT 2.8+1.04 6.57 x 10? -
AuUNPs
FCHT 5.5+2.91 5.20 x 10 57
DDT 3 -
AgNPs 49+1.2 3.60 x 10
FCHT 8.0+2.4 1.60 x 10* 63

Comparing the number of atoms of FcHT-metal NPs to DDT-metal NPs, the former NPs have
a higher number of atoms to add to the presence of Fc ligands, which can be said to be the

reason for the shallower U-shaped dip of the RESI capacitance.
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Chronoamperometric analysis

As was discussed in the results for FCHT-AgNPs, no Faradaic features were recorded at
‘blank’ injection, under potentiated conditions whilst current spikes appeared following the
injection of FCHT-AuNPs (Figure 4.2-15B). As a particle collides with the electrode’s surface,
it generates an oxidation or reduction spike due to the electrochemical reaction taking place
(Fc « Fc* + e). The redox spikes generated from FcHT-AuNPs have shown some
characteristics of current-time decay behaviour illustrated by a sharp increase in current value
followed by its slow decrease, which was found to be different from that of the FCHT-AgNPs

(Figure 4.2-13B for AgNPs and Figure 4.2-15B for AuNPs).

The gquantitative analyses of these current-time spikes are complicated due to the range of
distributions and the multiple redox events involving the metallic core and electroactive
ferrocene sphere. However, it is interesting to note that capping a nanoparticle with a redox
active ligand can significantly affect the agglomeration behaviour of the particles, at the redox

potential of the ligand.

4.3. Conclusion

Microfluidic cells with integrated electrodes are widely use in electrochemical analyses with
modified metallic nanoparticles. To understand agglomeration, Resonance Enhanced Surface
Impedance (RESI) and Chronoamperometry (CA) were used to analyse electrochemical
behaviour. We were able to distinguish different nanopatrticle-electrode collision behaviours
using RESI technique, a qualitative technique that maps in real-time RESI capacitance on the

surface of the electrode.

Electrochemical characterisation of thiol-capped silver and gold nanopatrticles carried out
using direct particle chronoamperometry via particle collisions at bare electrode surface
revealed the effect of flow rates on agglomerate formation and dispersion of dodecanethiolate

(DDT-) and w-ferrocenylhexanethiolate (FCHT-) NPs at gold electrode surfaces. The results
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show that factors such as flow rates and ligand electroactivity have significant impact on

nanoparticle-electrode collision events.

The conclusion drawn from RESI results revealed that the shape of the RESI plot, U-shape
decrease in RESI capacitance, was attributed to the solvent effect (EtOH) as well as NPs
impacting at electrode’s surface. We concluded that at slower flow rate (5 pL/min), the shape
of the U-shaped dip was more pronounced to that at higher flow rate 100 puL/min, seen in both
AUNPs and AgNPs nano-impact events. Thus, we associated these U-shaped dips to the state
of reversible clustering and consequence disintegration of the clusters at surface electrode.
Comparing AgNPs nano-impact events were found to generate shallower U-shaped dips
compared to AuNPs; 67 £ 2.9 nF of DDT-AgNPs compared to16 nF of DDT-AuNPs, 83 + 1.8
nF for FCHT-AgNPs compared to 43 + 0.92 nF for FCHT-AuNPs. Both non- (DDT-stabilised)
and electroactive (FcHT-stabilised) AUNPs showed depressed U-shaped dips compared to

AgNPs suggestive of minimal signs of NPs aggregation due to nano-impacting events.

Quantitative results from direct particle chronoamperometry experiments emulated the RESI
conclusion whereby the slow flow rate (5 uL/min) resulted in the detection of broad spikes,
suggestive of large agglomerated particles compared to narrower spikes detected at higher
flow rate (100 pL/min). The results obtained from the nano-impact events of thiolated metal
NPs were assigned to the detection of multiple individual NP collisions which resulted to NPs
sizing which can be said to be similar to TEM characterisation as seen in Table 4.3-1 for DDT-
AuNPs at both flow rates. However, we assigned the detection of NPs agglomerates and/or
clusters for DDT-AgNPs at both flow rates as their sizing were not comparable to the TEM
characterisation (see Table 4.3-1). These results reiterated the instability of AQNPs in aqueous

solvents, and their higher affinity to aggregate when compared to AuNPs.
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Table 4.3-1: Particle size characterisation of the different techniques, TEM and nano-impact events, for
thiolated metal NPs; DDT- and FcHT- Au and Ag NPs.

a pano-sizing via nano-impact events at 5 uL/min flow rate. ® nano-sizing via nano-impact events at 100
pL/min flow rate.

AUNPs ANPs
TEM sizing Nano-sizing TEM sizing Nano-sizing
(nm) (nm) (nm) (nm)
418 £1.57% 527 = 575%
+ +
DDT 28+1.04 516 + 168 49+1.2 33 + 8.50°
FcHT 55+291 - 8.0x24 -

FcHT-metal NPs, monitored at 5 pL/min, at the electrode held at an oxidising potential for
ferrocene, similarly to the U-shaped dip observed with DDT-metal NPs, FcHT-metal NPs also
generated this familiar pattern using RESI technique. However, we were not able to carry out
guantitative analysis of FcHT-metal NPs to determine the nano-sizing of NPs by impacting
events due to the inability to distinguish the redox reactions from Fc ligands or metal core
charging. On the other hand, the techniques enabled the differentiation of individual singular
collisions from agglomerated collisions of impacting NPs. The impacts of agglomeration can

significantly influence analytical results with modified nanopatrticles.
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5. Electroactive NPs and their
interaction with lipid membranes

The use of nanomaterials such as Gold Nanoparticles (AuNPs) for biological and
medical applications is on the rise. Consequently, it is vital to understand and control
the interactions of nanoparticles (NPs) with biological components such as cell
membranes which consist of a lipid bilayer. The research conducted in this chapter is
to determine the penetration behaviour of metal NPs at lipid-modified electrode
surfaces of various systems by using atomic force microscopy (AFM), electrochemical
techniques and Resonance Enhanced Surface Impedance (RESI). This research will
show resonance enhance impedance spectroscopy (RESI) as a highly sensitive
method of studying the size effects of thiolated gold nanoparticle interaction with
supported lipid bilayers in real time. Coupled with results from microscopic and
electrochemical techniques, we were able to achieve parallel findings in the
characterisation of NPs-membrane interactions for both electro and non-electro active

ligands.

5.1. Introduction
In Chapter 2, section on the interaction of NPs with lipid membrane, we have already
discussed the different ways that NPs interact with lipid membranes generally. Therefore, this
introduction will focus on ferrocene (Fc) and its derivatives; a brief introduction on the
compound, the applications using Fc and Fc derivatives and finally the electrochemistry of

ferrocenyl alkanethiol on electrode surfaces (bare and immobilised).

5.1.1. Ferrocene

Iron (Fe) is one of the elements found in every living organism. It is essential to the human

body as a complex bound to the protein (haemoglobin of the red blood cells) for the uptake of
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the oxygen into living cells.? Iron can only enter the cell tissues if bound to the protein
transferrin and when there is an iron overload, this can cause an excess of iron adsorption in
the gut which may result in the formation of iron deposits in tissues that can lead to damages
in the cells, and multiple organ dysfunction.? Years ago, inorganic iron compounds were
synthesised for the treatment of diseases associated with iron deficiencies, it was found that
these compounds were ineffective and they possessed side effects.® As a result, the use of
ferrocene derivatives became alternatives due to their effectiveness as well as non-toxicity as

medical substances.

Ferrocene (Fe(CsHs)2), is an organometallic compound with iron as the central metal
sandwiched between 2 cyclopentadiene rings (Figure 5.1-1A). This compound has
exceptional properties which includes its ability to be soluble in organic solvents, to be stable
at air as well as the ease at which ferrocene (Fc) derivatives and Fc containing compounds

can be synthesised.*

A B
@ SH
|
Fe
D

Fe

Figure 5.1-1: lllustration of the structures of A) ferrocene (Fc) and B) w-ferrocenylhexanethiolate
(FCHT).

In Electrochemistry, Fc is a favourable electron mediator due to the stable redox reversible
state it can generate at low potential.®> The oxidation of Fc into a stable blue ferrocenium salt
(Fc*) can be detected electrochemically giving a redox peak at 0.4 V using saturated calomel
electrode (SCE) for a one-electron redox reaction, the redox potential varies with the nature

of the solvent and its interaction with the central atom.®

Thiolated metallic nanoparticles and their interactions with lipid membranes 108



Electroactive NPs and their interaction with lipid membranes

5.2.1. Some applications of ferrocene and its derivatives

There are many applications that use Fc and its derivatives; one of which includes the
attachment of Fc moieties to polymers, for the monitoring of an enzyme (xanthine, part of the
polymer make-up) whose metabolic degradation relates to food’s quality.” Other benefits of
Fc include its use in pharmaceutical applications, thanks to the compound’s ability to be
compatible with biological environment as well as its lipophilicity. Fc’s switch-able redox state
coupled with its use as an amperometric sensor allows for the detection of glucose in blood.®
Fc containing compounds with functionalised groups such as amide or amine, have been
reported as an anti-tumour compound in the fight against lymphocytic leukemia P-388°.
Besides their use in medicine and the food industry mentioned above, Fc and its derivatives
have been used in fuel as additives in the removal of carbon deposits from fuel combustion
thus promoting smokeless combustion of fuels.%1!

5.3.1. Ferrocene alkanethiol and its derivatives and their interaction with

electrode surfaces

We are focusing specifically on the electrochemistry of ferrocene alkanethiolated ligands as
this relates more to this research. We find that the electrochemistry of ferrocene
alkanethiolated ligands on electrode surfaces has been studied and many journals published
on the adsorption of these systems.'> In a study by Auletta et al.'® on the electroactivity of
thiolated Fc monolayer on gold surfaces, the authors concluded that the increasing length of
the alkane chain of the SAM components was found to enhance the adsorption process more
so, the concentration of Fc molecules influenced the redox peak position on voltammograms.
A study by Kasuya and Kuriharal’ investigating the effect of changing the potential at electrode
surface with modified ferrocene alkanethiolated SAM on the interaction between Fc groups of
the SAM and the electrolyte counteranions, revealed that ion adsorption at oxidised Fc sites
was caused by ion pairing of Fc* cation with the counteranions; moreover, the authors
demonstrated that the strength of the pairing was found to be due to their degree of

dissociation.
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Ferrocene alkanethiolated ligands have also been used as capping or stabilising ligands on
nanomaterial.®® The main advantage of such ligand stabilisers is their enhanced
electrochemical charging capacities per nanomaterial over a relatively small potential range.*®
This was shown in a study by Schiffrin et al.?° investigating the detection of multi-electron
transfer reactions at bare electrode surface. They proposed 3 mechanisms for such reactions
(Figure 5.1-2): the first (1) is via the electron-transfer reaction generated from the interactions
between the electroactive centres in close proximity from each other; the second (2), the
electron being conducted from the Fc groups through to the thiol linker chain down to the metal
core; and finally (3) the successive oxidation and reduction of electroactive centres enabling
electron-transfer reaction via fast rotational diffusion of the NP. This study not only
demonstrated the advantageous use of Fc moieties as current signal enhancers but also their
use coupled with NPs in the charging of redox sites within the ligand shell during oxidation

reactions.

Figure 5.1-2: Schematic illustration of the detection of multi-electron transfer reactions at bare electrode
surface; 1) self-exchange reaction between redox centres, 2) coupling between redox centres trough
thiol linker chains and 3) fast rotational diffusion. Reprinted from Ref. 20 with permission from John
Wiley and Sons (ChemPhysChem).

Well dispersed electroactive NPs have been found to react differently to immobilised
electroactive NPs on electrode surface. Stiles et al.?! investigated the interactions of
electroactive NPs with bare electrode surfaces, they concluded that the adsorption of
ferrocenyl alkanethiol capped AuNPs on bare Pt electrode was via anion-induced monolayer

formation forming robust SAMs; ferrocenium cation from the NPs formed ion-bridging pairs
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with the electrolyte anions. Whereas, a study by Sardar et al.?? concluded that in the case of
the adsorption of ferrocenyl alkanethiol capped AuNPs on negatively charged SAM electrode
surface, there were many factors of the robust adsorption; the interaction between the charged
SAM surface and the charged ferrocenium on the NPs, the interaction between ferrocenes on

the same NP and the lateral interactions within the adsorbed NP layer.

This chapter addresses the gap in knowledge on the interaction of electroactive ligands with
lipid membranes, most specifically the interaction of ferrocenyl alkanethiol stabilised metal
NPs with lipid membrane immobilised on gold working electrodes. This chapter is generally
devoted to the (semi)quantitative penetration behaviour of thiol-modified gold NPs to lipid
immobilised gold electrodes using different techniques which includes atomic force
microscopy (AFM), electrochemical techniques and the resonance enhanced surface

impedance (RESI).

However, the chapter further discusses the observed effects on the (semi)quantitative
penetration behaviour of thiol-modified gold NPs to lipid immobilised gold electrodes as

follows:

i. the effect of increasing incubation time of modified electrodes in NPs solutions using
AFM for non-electroactive (dodecanethiolated) AuNPs, and electrochemical

techniques for electroactive (ferrocenylthiolated) AuNPs;
and

ii. the effect of NPs sizes for electroactive (ferrocenylthiolated) gold NPs while

investigating their RESI and electrochemical responses of such particles.
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5.2. Results and Discussion

NPs have been reported to interact with lipid membranes in 3 main ways namely: via NPs
adhesion or adsorption at the electrolyte-lipid interface (Figure 5.2-1A); NPs embedment
within the membrane architecture, which involves an interaction dominated by van der Waals
forces (Figure 5.2-1B); and NPs translocation (Figure 5.2-1C) which occurs when the NPs
penetrate through the membrane and are released on the other side, the latter interaction is

usually observed in the NPs interaction with free-standing lipids or lipid vesicles.?2*

NPs attachment NPs embedment : NPs translocation
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Figure 5.2-1: Schematic representation of NPs-membrane interactions.

The different studies in this chapter investigate the interactions between thiol-capped gold
nanoparticles and lipid membranes immobilised on gold electrode surfaces, to determine the
effect the immersion time has on the NPs-membrane interactions and, the effect that varying

NP sizes have on the NPs-membrane interactions.

To carry out the first objective in this chapter, both non-electroactive and electroactive AUNPs
were used and the second objective was carried out using only electroactive AuNPs; the
commercial NPs were functionalised to introduce electroactivity. Particle size distribution from
TEM analyses has demonstrated spherical shape for all samples with average core diameter
sizes (Figure 5.2-2): 5.5 £ 2.9 nm (synthesised NPs), these will be referred to as 5 nm FcHT-
AuNPs; 11 + 0.69 nm (commercial NPs), these will be referred to as 10 nm FcHT-AuNPs; and

22 + 2.9 nm (commercial NPs) these will be referred to as 20 nm FCHT-AuNPs.
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Figure 5.2-2: Transmission electron microscopy (TEM) images of thiolated gold nanopatrticles; A) DDT-
AUNPs, B) 5nm FcHT-AuNPs, C) 10 nm FcHT-AuNPs and D) 20 nm FcHT-AuNPs.

The synthesised nanoparticles used in this work (as well as the AgNPs included in the
preliminary studies included) were from the same batch of NP synthesis/functionalisation as
the ones used in the previous chapter (Chapter 4); the concentration for the DDT-AuNPs used
throughout the experiments was 1.2 uM and 2.8 puM for FCHT-AuNPs.

5.2.1. Preliminary studies on the penetration of NPs through phospholipid

membranes

In this study we have investigated the interaction of metallic NPs (gold, silver and copper) with
lipid membranes immobilised on gold electrodes. Electrochemistry techniques used in this
section were to investigate the electrochemical behaviour of FCHT-metal NPs penetrating

through the lipid modified gold electrodes.
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Clean gold macroelectrodes were modified with SAM and tBLM lipid membranes, the modified
electrodes were tested for defect formations in redox rich electrolyte solution prior to the start

of the studies.
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Figure 5.2-3: CV of bare vs lipid-modified gold electrodes in solution of 10 mM Fe3+4* (5 mM Ka[Fe(CN)g]
and 5 mM Ks[Fe(CN)e]) in 0.1 M KNO3 at 50 mV/s scan rate.

Well-insulated electrodes show no redox activities in a redox-rich solution (seen for SAM and
tBLM models in Figure 5-2-3). Comparing bare gold electrode with SAM or tBLM modified

electrodes, we can see the supressed redox peaks in both potential scans.

The penetration of non-electroactive (DDT-AgNPs) and electroactive NPs (FCHT-AgNPSs)
were compared for their electrochemical penetration behaviour (Figure 5.2-4). SAM-modified
electrodes were immersed in the relevant NPs solutions for 60 min then CVs were carried out
in the electrolyte solution, 0.1 M KNOs. From these initial results, it was clear that non-
electroactive, DDT-AgNPs showed no redox activity over the potential windows thus showed

no oxidised particles were detected whereas FCHT-AgNPs curve had redox peaks.
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Figure 5.2-4: CVs showing the electrochemical behaviour of DDT-AgNPs, FCHT-AgNPs in 0.1 M
KNOs; ‘control run’ (SAM-modified electrode in electrolyte without immersion in NPs) and ‘DDT-
AgNPs, FcHT-AgNPs’ were the incubation of SAM-modified electrode in the relevant colloid solution
for 60 min. Scan rates: 50 mV/s. [DDT-AgNPs] = 2.1 uM and [FCHT-AgNPs] = 3.0 pM.

5.2.1.1. FcHT-metal NPs interaction with SAM
The insulated electrodes were immersed in solutions of FcHT-metal NPs, dispersed in EtOH
solvent, at different intervals for up to 60 min (with 10 min increment between each run) and
electrochemical measurements were carried out to determine the interactions of electroactive

FcHT-metal NPs with the membrane immobilised on gold electrodes.
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Figure 5.2-5: CVs of the SAM-modified gold electrode in 0.1 M KNOz at different immersion times in
FCHT-AgNPs. Scan rate: 50 mV/s. [FCHT-AgNPs] = 3.0 uM.

From these results (Figure 5.2-5), no redox peaks were seen until after 60 min incubation time,

thus we decided to use 60 min as our incubation starting point for ‘after’ incubation label.

Thiolated metallic nanoparticles and their interactions with lipid membranes 116



Electroactive NPs and their interaction with lipid membranes

A
4
3 A FcHT-AuNPs (after)
Blank (before)
2 4

Current (uA)

0 -
-1 4
'2 T T T T T T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Potential (V)
B
4
—— FcHT-AuNPs
3 —— FcHT-AgNPs
2 4

Current (uA)

5 —

_2 T 1 T T T T 1
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Potential (V)

Figure 5.2-6: Cyclic voltammograms showing the electrochemical behaviour of FcHT-metal NPs in 0.1
M KNOs; A) ‘blank/before’ (SAM-modified electrode in electrolyte without immersion in NPs, control run)
and ‘after’ incubation of SAM-modified electrode in FCHT-AuNPs for 60 min, B) after incubations in
FcHT-metal NPs (Au and Ag). Scan rates: 50 mV/s. [FCHT-AgNPs] = 3.0 uM and [FCHT-AuNPs] = 2.8
HM.

From Figure 5.2-6A, ‘before’ corresponding soaking (grey line), the current response showed
no presence of redox peaks within the voltage window applied. The immersion of the modified
electrodes in colloidal solutions after 60 min (red lines) caused changes to the lipid

architecture; NPs perturbed the lipid’s arrangement on the electrode by forming defects such
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as pores enabling the NPs to penetrate through the lipid layer and for the redox activities to
be detected at electrode’s surface. Moreover, FCHT-metal NPs increased the electrochemical
performance i.e. current density on the surface of the gold electrode as they penetrated
through the lipid monolayer (Figure 5.2-6B); FCHT-AuNPs were found to penetrate further into
the lipid membrane than FCHT-Ag thus having a larger current signal at 3.21 pA compared to
8.5 x 102 pA and 4.2 x 102 pA for AgNPs. Reports have shown that electroactive ligands
stabilising the metal NPs increase the electrochemical performance on the surface of the gold
electrode as the NPs penetrate through the lipid monolayer via electron transfer to the working

electrode.?®

As the stability of NPs in suspension is linked to their agglomeration behaviour therefore, the
agglomeration behaviour of these NPs can be said to affect the NPs’ penetration through the
lipid membrane. Adding to that, the size and metal core of the NPs were found to have a
significant effect on the penetration behaviour. Relating to the effect of NPs size, we concluded
that the individual, isolated and smaller particles would readily penetrate deeper into the lipid
membrane than clustered, agglomerated and bulky particles; FCHT-AuNPs were determined
to have the smallest NPs size (5.5 + 2.9 nm) compared to FCHT-AgNPs at 8.0 + 2.4 nm. In
terms of metal sore, AgNPs were found to agglomerate more readily than AuNPs; such
susceptibility of the NPs to agglomerate and mechanical agitation of the colloidal solutions
were seen to reverse their agglomeration to resuspended solutions.?® As the nature of the
metal core of NPs is closely related to their stability and size manipulation, as a result we

identified the nature of the metal core the most significant factor.

5.2.1.2. Comparing the interaction of FCHT-metal NPs with SAM and tBLM
In this study, we compared the effect of FcHT-metal NPs penetration through SAM and tBLM

modified electrodes.
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Figure 5.2-8: DPVs of penetration behaviour of the FCHT-metal NPs in 0.1 M KNOs; comparing SAM
and tBLM-modified after 60 min immersion time, A) FCHT-AuNPs penetration and B) FCHT-AgNPs
penetration. Sweep amplitude: 5 mV. FCHT-AgNPs] = 3.0 uM and [FCHT-AuNPs] = 2.8 uM.

Redox activity was detected with the penetration of FCHT-metal NPs through both SAM and
tBLM as seen in Figure 5.2-7. Further similarities were observed in the depletion in current

density as well as the potential shift of AQNPs as was recorded for AUNPs.

From the obtained results, the amount of charge passed to oxidise the electroactive species
(Q) was computed by the division of the area under the curve (obtained by integration of the

oxidation peak curve, A) by the scan rate (v, 50 mV/s) denoted by Eq. 5-1.

o4
¥

(5-1)
Eq. 5-2 was used to determine the adsorbed surface coverage of NPs (/'wp) at electrode
surface; n is the average number of Fc ligands per NP, A is the area of the working electrode

and F is the Faraday’s constant.??

Q=nFAl, (5-2)
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When comparing SAM to tBLM penetration behaviours as seen in Figure 5.2-8, we detected
an anodic shift in potential, with more anodic potential required in the tBLM model for the
electroactive FCHT ligands to be oxidised, than for the penetration and detection through SAM
model. Also, a decrease in current density was recorded going from a monolayer to a bilayer
(Table 5-1) hence a lowering of surface coverage which was indicative of the role of the lipid
architecture in suppressing the electrochemical response of the FCHT ligands on the NPs as
well as causing the formation of more lipids defects through the upper and lower leaflet of the

lipid bilayer.

The depletion in current densities from SAM to tBLM models was much greater for AgNPs
than AuNPs and so were the calculations of charge and NP surface coverage, we attributed
this difference to be due to the NPs size, with larger sizes (AgNPs) causing more
obstruction/crowdedness at lipid-electrolyte interface potentially caused by NPs
agglomeration thus, these NPs were less able to penetrate through the membranes resulting

in less charge being detected at electrode surface.

Table 5-1: Electrochemical parameters determined by using Eq. 5-1 and Eq. 5-2 for the penetration
FcHT-metal NPs through SAM and tBLM lipid membrane immobilised electrodes.

Membrane 2 2
models lpa /WA Q/pCcm I, /molcm
SAM 9.12x 10" | 1.09x 10? 1.13 x 10°®
AUNPs
tBLM 477 x102 | 1.10x 102 1.14 x 10°°
SAM 452 x 101 | 2.37 x 102 2.45 x 10°
AgNPs
tBLM 1.41x102 | 1.32 x 10* 1.36 x 10°1°

Following the results from the nano-impact chapter (Chapter 4) on the instability of AQNPs as
colloidal solutions in suspension as well as their higher heterogeneity compared to AuNPs.
Adding to the findings from the above preliminary results, we have decided to focus our

research on AuNPs and their interactions with lipid membranes on gold surfaces.
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5.2.2. Effect of incubation time on NPs-lipid membrane interactions

A study by Goreham et al.?® on the interaction of citrate functionalised AgNPs on tBLM models
(Dipalmitoylphosphatidylcholine monolayer with Diphytanyl Thiolipid making up the tBLM)
concluded that longer exposure (24 h) of tBLM in the colloidal solution had irreversible
changes to the architecture of the lipid membrane, such changes included formation of lipid

holes as well as NPs embedment within membrane leaflets.

In view of this study, we wanted to investigate the effect of increasing the exposure time of
tBLM modified gold electrodes in colloidal solutions of non-electroactive (DDT) and
electroactive (FCHT) AuNPs, by having shorter time intervals. We used AFM technique to
investigate the non-electroactive AuNPs and tBLM interactions whilst electrochemistry
techniques (CV and DPV) investigated the interactions between electroactive AuNPs and

tBLM.

5.2.2.1. AFM investigates the interaction of non-electroactive AuNPs with lipid
membrane

Gold thin film microscope glass slides were used as gold substrates and immersed in the lipid
DPPTE solution and a lipid monolayer was formed over 48 hrs at 4 °C. The immobilised gold
substrates were immersed in 1 ml DDT-AuNPs in ethanol dispersion at different incubation
times and analysed by atomic force microscopy (AFM), to allow the determination of changes
to the morphology of the monolayer modified substrates resulting from their interaction with

AUNPs in air.
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Figure 5.2-8: Time-lapsed study for the incubation of lipid immobilised substrates with DDT-AuUNPS;
average max. height of NPs on the lipid surface at different incubation times with the NPs including
AFM images (a) after 60 min and (b) after 1920 min incubation in NPs solution. All images are 2 x 2
pm. [DDT-AuUNPS] = 1.2 uM.

The analysis of results obtained from the time-lapsed study seen in Figure 5.2-8 have revealed
the progressive increase in the recorded heights; after 60 min of incubation in 1 ml DDT-
AuNPs, there was a slight increase in the recorded height from 3.62 £ 0.02 nm (t = 0) to 5.73
+ 0.51 nm (t = 60 min) shown as ‘sharp dips’ in Figure 5.2-8a, considering that the NPs are
2.77 = 1.04 nm in diameter size, the results suggest that the NPs were embedded within the
membrane and these created defects in the lipid membrane (4.78 £ 0.89 nm). Similar results
were recorded by Abraham et al.?® with their AFM study on the penetration of cysteine coated
AuNPs (10 nm) through DPPC monolayer (avg. length at 2 nm) reported an increase in height
to 7 nm. Adding to that, uneven peak separations were seen with presence of shoulder peaks

as evidence of NPs adsorption at lipid layer and the formation of lipids defects i.e. pores.

When comparing t = 60 min with t = 1920 min (Figure 5.2-8b), it is clear to see the difference
in peak separations from wider uneven peaks to more compact layer respectively showing

reduced numbers, possible aggregation of NPs in order to smooth out the uneven separations
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thus causing the appearance of the lack of pores at lipid surface for the latter time incubation;
suggesting possible membrane collapse and/or the replacement of the lipid monolayer with
NPs monolayer by NPs agglomeration forming big NP clusters (width of 64 nm and height of
up to 20 nm) with the presence of small shoulder peaks. Our results and conclusion was
supported by a study by Gordillo et al.*° reporting that the main factor affecting the interaction
of PEGylated AuNPs with phospholipid monolayer on mercury electrode was the NPs sizes;
they observed that only small AuNPs (2-3 nm) were able to penetrate through the lipid
monolayer compared to larger AuNPs (10 nm) that were adsorbed at the lipid’'s surface and,
for longer immersion of the modified electrode in NPs solution, the smaller NPs formed a

monolayer at the electrode’s surface displacing the lipid membrane.*°

5.2.2.2. Electrochemical techniques investigate the interaction of electroactive
AuNPs with lipid membrane

The behaviour of electroactive alkanethiol on electrode surface has been investigated
extensively and reported,®'-34 these reports focused on the redox activity of working electrodes
modified with electroactive ligands as SAM. It was found that increasing the surface coverage
by increasing Fc concentration as SAM on electrode surface altered the electrochemical
signals/responses. Also, other reports have shown the detection of NPs at electrode surfaces
as they penetrate through lipid monolayer and bilayer using electrochemistry.3-3" Qur study
specifically focuses on the electroactive penetration behaviour of FCHT-AuNPs through tBLM
models on gold working electrodes, an unique contribution using non-electroactive, neutral

thiol lipid based tBLM models.

In our study, we investigated the effect of the incubation time of SAM-lipid modified electrodes
in FCHT-AuUNP solutions have on the NPs-phospholipid membrane interactions with the aid of
electrochemical techniques such as cyclic voltammetry (CV) and differential pulse

voltammetry (DPV).
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Figure 5.2-9: CVs of the SAM-modified gold electrode in 0.1 M KNOs at 60, 240, 960 and 1800 min
immersion times in FCHT-AuNPSs. Scan rate: 50 mV/s. [FCHT-AuNPs] = 2.8 uM.
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Figure 5.2-10: DPVs of the SAM-modified gold electrode in 0.1 M KNO3 at 60, 240, 960 and 1800 min
immersion times in FCHT-AuNPs. Sweep amplitude: 5 mV/s. [FCHT-AuNPs] = 2.8 uM.

Table 5-2: Electrochemical parameters determined by [a] CV (Figure 5.2-9) using Eq. 5-1 and [b] by
DPV (Figure 5.2-10) using Eq. 5-2 for the penetration FCHT-AuNP through SAM lipid membrane
immobilised electrodes at different incubation times.

Incubation Q /uC em I, /mol cm”
time /min [a] [b]
60 32+5.3 2.09+1.10x10°
120 40 £13 2.10+1.65x10°
240 28+4.8 1.67 +0.76 x 10°
480 33+11 3.55+1.57 x 10°1°
960 14+2.0 4,71 +2.04x 1010
1800 11+4.7 4,14 +1.49x 101°
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Shifts in potential were recorded from Figure 5.2-9; anodic shift from t = 60 to 480 min (0.06
V to 0.101 V) compared to cathodic shift to -0.005 V at higher increasing incubation times.
These potential shifts where found to be synonymous to increasing Fc(CH-)sSH concentration.
Moreover, increasing the incubation time allowed more NPs to penetrate through the lipid
monolayer and to be adsorbed onto the gold electrode surfaces, similarly seen with the results
of non-electroactive AUNPSs. This increase of NPs saturation at electrode’s surface caused an
increase in the electrochemical signals given by the increased Q values due to the increased
redox activity with increasing surface coverage with FCHT-AuNPs. Table 5-2 but only for the
first 120 min incubation duration. After 240 min, Q values decreased to 11 + 4.7 uC cm™ (t =
1800 min), this decrease in Q values was reflected in the negative shift of the peak potential
from +0.101 V to -0.005 V (Figure 5.2-9) with increasing incubation times as well as the change
in CV curves from peak-shaped to sigmoidal-shape (Figure 5.2-9). Such change in shape
was found to be due to the more quasi-microelectrode behaviour seen in the cyclic
voltammograms with increasing incubation time (see Figure 5.2-10), we attributed such
changes to the formation of membrane defects or holes.
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Figure 5.2-11: lllustration of the different penetration behaviour of FCHT-AuNPs and how they
generate different CV shapes; peak-shaped and sigmoidal-shaped voltammograms.

The results from the non-electroactive (DDT-AuNPs, Figure 5.2-8) interactions with AFM

technique have suggested the formation of agglomerates and NPs clusters with continuous
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incubations, this was reflected in the decrease of electroactivity as well as the shift in redox
potentials of the FCHT-AuNPs over time, seen in Figure 5.2-9; the decrease in height of the
current peaks (Figure 5.2-8) and the shift of the peak potentials in more negative values after
t = 240 min (Figure 5.2-9). A similar observation was recorded by Auletta et al.*®, their findings
revealed that increasing the concentration of ferrocene moeity as part of SAM on gold
electrode caused the ferrocene population to undergo intermolecular interactions shifting the
redox potential peak to more negative anodic values. Shaowei Chen® also observed such
anodic shift for the Fc redox potential peak with the formation of thin film n-octanethiolates

(HSCgFc) capped AuNPs on solid substrates.

5.2.3. Real-time formation of tBLM
In this study, the RESI technique was used to monitor in real time the formation of lipid bilayer
on SAM mobilised gold sensors. In these experiments, the gold electrode sensors were
modified with phospholipid molecules (DPPTE) to form SAM by immersion in thiol solutions
for 48 hrs; the thiol head-groups of the DPPTE SAM were covalently immobilized onto gold
surfaces and the alkyl chains as the tail part of the phospholipids served as the hydrophobic
template that was used as anchor for the deposition of lipid bilayer by vesicles fusion.®® Then,
the lipid vesicles in the prepared solution were injected in the z-LAB (at 5 pL/min flow rate)
after 15 min system stabilization. The lipid bilayer formation was monitored in real time with

the z-LAB, recording the changes in RESI capacitance values over time (Figure 5.2-12).
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Figure 5.2-12: Real time formation of lipid bilayer on SAM electrode chip; i) adsorption of lipid vesicles
onto DPPTE-Au sensors, ii) vesicle fusion, iii) lipid vesicle rupture and molecules rearrangement on
modified sensor and iv) lipid bilayer or multilayers formed. POPC vesicle solution injected after 15 min

system stabilisation with constant flow of 0.1 M PBS at fixed flow rate of 5 pL/min.

After 15 min equilibration time (Figure 5.2-12) with constant flow of phosphate buffer, the value

for the RESI capacitance was around 1825 + 200 nF, upon the injection of POPC lipid solution

(20 min duration). There was an initial dip in capacitance due to the change in the environment

of the running electrolyte solution with the injection of lipids into the system. The recorded

changes in the capacitance values denoted the stages of lipid bilayer formation, possible

formation of lipid multilayers;

i.  Adsorption of lipid vesicles on DPPTE-modified gold sensors seen with the slight

increase in capacitance values from its initial value at the start of the injection

ii.  Vesicles fusion: small decrease in capacitance that was found to remain stable for up

to 50 min
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iii.  Lipid vesicles rupture and molecules rearrangement on surface, seen by the dramatic
decrease in RESI capacitance to 110 nF (ca 94% decrease from initial capacitance)
due to the release of liquid from the interior of the vesicles

iv.  Bilayer formation as upper leaflet seen as the RESI capacitance value remained

steady for 20 min

After the bilayer was formed on the modified sensor, defects were checked by running a blank
injection; only defects free sensors were used for this study to prevent penetration via pre-
formed defects instead of penetration via NPs-membrane interactions. A further decrease in
RESI capacitance values was recorded after the modified sensor was taken out of the system
and flushed through with distilled water and re-fitted onto the zLAB, as the membrane
stabilised any unerupted vesicles as well as any loosely bound lipid fragments were washed

out of the system behind a rigid lipid bilayer membrane.

5.2.4. Effect of NPs sizes on NPs-lipid membrane interactions
Reports have shown that NPs sizes have great impact on the NPs interaction with lipid
membrane, with bigger NPs causing the removal of lipid molecules from the lipid bilayer
architecture.*%2 RESI and electrochemical techniques were used in this section to investigate
the penetration behaviour and the electrochemical responses of FCHT-AuNPs, of different

sizes, as they interact with lipid membranes.

5.2.4.1. Real-time penetration of FCHT-AuNPs through tBLMs
We investigated the effect of NP sizes and their penetration behaviour through tBLM models
using RESI technique. Real-time measurements denoting the NPs interaction with lipid
membrane were monitored. This study was carried out by injecting 200 pl of FcHT-AuNPs (5,
10 and 20 nm) into the system fitted with tBLM-modified gold sensors, the electrolyte solution
was flowing through the system for 15 min, stabilising the flow and, RESI capacitance

measurements were recorded.

Thiolated metallic nanoparticles and their interactions with lipid membranes 129



Electroactive NPs and their interaction with lipid membranes

5nm
140
g
120 -
<~
E 100
W
g 80
[ =4
8
g 60 - 20 nm
Qo
S 140
& 401 a b cde f
|
4 120
20 S
9] |
S 100
0 . ; ; ' . ; ; L
0 20 40 60 80 100 120 140 =
_ _ QL 80
Time (min) §
‘S 60
10 nm 2
o
140 » 40
i}
aib:c d e f g u
120 - 20
<«
E 100 4 — 0 T T T
w 0 50 100 150
© 80 Time (min)
o
c
8
‘S 60
Q.
©
o
& 401
i}
4
20 -
0

0 2'0 40 6'0 8'0 1 (')0 12'0 1510 16‘30 180

Time (min)
Figure 5.2-13: Change in RESI capacitance with FCHT-AuNPSs injection over time as a function of NPs
sizes; 5, 10 and 20 nm, a running electrolyte solution of 20 MM PBS at a set flow rate of 5 uL/min; the
arrows representing the injection of NPs in the system. [5 nm FcHT-AuNPs] = 2.8 uM, [10 nm FcHT-
AuUNPs] = 3.0 uM and [20 nm FcHT-AuNPs] = 3.0 uM.
(a) = the stabilisation of the system for approximately 15 min at set flow rate of 5 pL/min with a constant
flow of buffer (20 mM PBS). (b) = the injection of fresh solvent (deionised water) followed by 10 min of
stabilisation. Stage (c) = the injection of 200 ul of AuNPs, dispersed in deionised water at a
concentration of 200 nM into the system fitted with tBLM-modified gold sensors. Followed by a repeat
of the earlier stages; buffer, solvent, NPs injection and buffer, for (d), (e), (f) and (g) respectively.

When comparing the penetration of FCHT-AuNPs of different sizes, the RESI capacitance dips
caused by the injections of 5 nm NPs were attributed to the penetration of NPs through the
lipid bilayer seen with a decrease of 63 % from initial RESI capacitance, RESI capacitance of
the electrolyte solution flowing through the system (Figure 5.2-13— 5 nm). Although another
interpretation of the results showing the sharp increases in RESI capacitance around 65 min
for the first injection and around 120 min for the second injection would be of the penetration

of NPs through the membrane and the U-shaped dips would be the solvent effect.
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However, when comparing with the injection of 10 nm NPs, a change of 5.9 nF between the
initial value and the recorded RESI capacitance after the first injection (Figure 5.2-13— 10 nm
‘c). Similarly to the RESI capacitance decrease for 5 nm, this was attributed to the adsorption
of NPs at electrolyte-lipid interface. Moreover, after the 1% injection of 10 nm NPs, no lipid
recovery was recorded, recovery back to the initial RESI capacitance value as seen for 5 nm
injection, instead, spike responses were recorded instead. The conclusion deduced from this
observation was of the adsorbed 10 nm particles, hence the capacitance value did not revert
to its initial value after the injection. A study by Guo and co-workers*® using a microfluidic
device to monitor the translocation of hydrophobic AuNPs of different sizes, also detected that
the penetration of larger NPs (>5 nm) through leaflets of the bilayer caused lipid rupture as
well as the removal of lipids from the bilayer as these NPs are translocated. This similar
behaviour was seen in the 2" injection of 10 nm NPs that triggered the formation of holes and
rearrangement of lipid molecules denoting the fluidity of lipid membrane, a phenomenon
replicated with the injections of 20 nm NPs. However, where no drastic change to the
capacitance values were recorded even after hole formation and lipid recovery, this type of
phenomenon could suggest similarities with the non-destructive membrane destabilisation of
smaller NPs, whereby the fluidic properties enabled the lipid membrane to recover thereafter,

despite the increased NPs size.?’

5.2.4.2. Electrochemical responses of the penetration of FCHT-AuNPs through
tBLMs

Electrochemical studies were undertaken looking at the electrochemical responses of different
sizes of FCHT-AuNPs and their penetration through tBLM modified gold macroelectrodes. In
this study, the defects-free tBLM modified electrodes were immersed in solutions of FCHT-
AuNPs (5, 10 and 20 nm) for 60 min and electrochemical measurements (DPV) were carried

out.
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Figure 5.2-14: DPV responses of the penetration of FCHT-AuNPs (5, 10 and 20 nm) into tBLM-
modified gold electrode in 20 mM PBS as a function of NP sizes. Sweep amplitude: 5 mV. [5 nm
FCHT-AuNPs] = 2.8 pM, [10 nm FcHT-AuNPs] = 3.0 uM and [20 nm FcHT-AuNPs] = 3.0 uM.

Table 5-3: Electrochemical parameters determined by DPV (Figure 5.2-14) using Eg. 5-2 for the
penetration FCHT-AuNP through tBLM lipid membrane immobilised electrodes for different NP sizes.

NPs size I (WA) er (moI/cmz)

5nm 0.76 + 0.05 2.29+0.90 x 10%
10 nm 0.19+0.10 6.19 + 1.05 x 10°®
20 nm 0.07 £ 0.02 2.47 £1.03 x 100

Small NPs (<5.5 nm AuNPs) easily penetrate cells and these NPs have been localised inside
nucleus of cell compared to larger ones (>16 nm AuNPSs), which were found to be unable to
enter the cells.** Given that small NPs have an increased surface area compared to larger
ones, this size advantage has been reported to ease the diffusion of NPs into the cell, this is
especially seen in vitro studies.*>*% Our results reflect such findings seen in the decrease of
current magnitude for the detection of FCHT-AuNPs at electrode’s surface (Figure 5.2-14 and

Table 5-3); smaller FCcHT-AuNPs (5 nm) penetrated further into the lipid, their small sizes
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enabled more NPs to penetrate through the lipid membrane to be aggregated at the
electrode’s surface,*” consequently increasing their detected redox activity at electrode’s
surface. 5 nm FCHT-AuNPs penetration was attributed to the NP adsorption and further NPs
embedment within the bilayer.3” Whereas larger NPs (10 and 20 nm) have been reported to
cause membrane thinning as well as defects formations i.e. nanoscopic pores/holes within the
bilayer architecture. A study by Leroueil et.al.*® supports our results with NPs sizes on NPs-
cell membrane interactions causing disruption of cell membrane; they suggested that small 2
nm NPs initially become adsorbed on the bilayer surface and eventually with more
adsorptions, these formed aggregates resulting in their penetration into the lipid structure via
existing defects. However, larger 50 nm NPs were reported to induce lipid defects such as
holes, membrane thinning as these NPs interacted with the lipid membrane. From our results,
we were able to map in real time the penetration and adsorption behaviour of electroactive
FcHT-AuNPs through lipid membrane using RESI technique and electrochemistry technique
enabled the quantification of these electroactive NPs via their redox activities and their

comparison in terms of NP sizes.

5.3. Conclusion

In this chapter, we investigated the penetration behaviour as well as the NPs-membrane
interactions of thiol-capped gold nanoparticles using atomic force microscopy (AFM),

electrochemical technigues and resonance enhanced surface impedance (RESI) technique.

The investigation on the effect of incubation time on NPs-membrane interactions have shown
that increasing the incubation time of lipid SAM modified gold substrates in DDT and FcHT-
AuNPs resulted in different stages NPs-membrane interactions; the first being NPs adsorption
at lipid surface followed by lipid defects formation for the penetration of NPs through the lipid
membrane, eventually leading to lipid collapse and/or membrane displacement by NPs
multilayers. Such was seen in both the AFM and voltammetry results, with the electrochemical
responses being of suppressed redox activities with increased incubation time due to the

increased intermolecular interactions of Fc moieties.
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On the other hand, the investigation on the impact that NPs sizes has on NPs-membrane
interactions have demonstrated that smaller electroactive AuNPs (5 nm) penetrated the lipid
membrane, these could be said to be imbedded within the lipid’s architecture if immersed
longer in the NP solution as demonstrated in the DPV and ESI results. However, RESI results
showed that the smaller NPs had overall no effect in the destabilising the integrity of the
membrane i.e. the NPs penetration was found to be non-destructive, thus their eventual
expulsion from the membrane did not change the RESI capacitance. Whereas, larger NPs (10
and 20 nm) were found to cause NPs adsorption at lipid-electrolyte interface, destabilisation

of the membrane via the formation of lipid defects.

54. References

1 N. Abbaspour, R. Hurrell and R. Kelishadi, J. Res. Med. Sci. Off. J. Isfahan Univ. Med.

Sci., 2014, 19, 164-174.

2 F. J. Lazaro, L. Gutiérrez, A. R. Abadia, M. S. Romero and A. L6pez, J. Magn. Magn.

Mater., 2007, 316, 126-131.
3 A. N. Nesmeyanov and N. S. Kochetkova, Russ. Chem. Rev., 1974, 43, 710-715.
4 D. Astruc, Eur. J. Inorg. Chem., 2017, 2017, 6-29.

5 X.Y. Ling, D. N. Reinhoudt and J. Huskens, Langmuir ACS J. Surf. Colloids, 2006, 22,

8777-83.

6 I. Noviandri, K. N. Brown, D. S. Fleming, P. T. Gulyas, P. A. Lay, A. F. Masters and L.

Phillips, J. Phys. Chem. B, 1999, 103, 6713—-6722.
7 R. Pietschnig, Chem. Soc. Rev., 2016, 45, 5216-5231.

8 A. E. G. Cass, G. Davis, G. D. Francis, H. A. O. Hill, W. J. Aston, I. J. Higgins, E. V.

Plotkin, L. D. L. Scott and A. P. F. Turner, Anal. Chem., 1984, 56, 667-671.

9 C. Ornelas, New J. Chem., 2011, 35, 1973-1985.

Thiolated metallic nanoparticles and their interactions with lipid membranes 134



Electroactive NPs and their interaction with lipid membranes

10 V. E. Emel'yanov, L. S. Simonenko and V. N. Skvortsov, Chem. Technol. Fuels Qils,

2001, 37, 224-228.

11 G. T. Linteris, M. D. Rumminger and V. Babushok, in Proceedings. Halon Options

Technical Working Conference, Albuquerque, 2000, vol. 2, pp. 129-140.

12 D. J. Lavrich, S. M. Wetterer, S. L. Bernasek and G. Scoles, J. Phys. Chem. B, 1998,

102, 3456-3465.

13 C. Vericat, M. E. Vela, G. Benitez, P. Carro and R. C. Salvarezza, Chem. Soc. Rev.,

2010, 39, 1805-1834.

14 R. G. Nuzzo and D. L. Allara, J. Am. Chem. Soc., 1983, 105, 4481-4483.

15 K. B. Rodenhausen, B. A. Duensing, T. Kasputis, A. K. Pannier, T. Hofmann, M.

Schubert, T. E. Tiwald, M. Solinsky and M. Wagner, Thin Solid Films, 2011, 519, 2817-2820.

16 T. Auletta, F. C. J. M. Van Veggel, D. N. Reinhoudt, F. C. J. M. van Veggel and D. N.

Reinhoudt, Langmuir, 2002, 18, 1288-1293.

17 M. Kasuya and K. Kurihara, Langmuir, 2014, 30, 7093—-7097.

18 S. Chen and R. W. Murray, J. Phys. Chem. B, 1999, 103, 9996-10000.

19 R. L. Wolfe, R. Balasubramanian, J. B. Tracy and R. W. Murray, Langmuir, 2007, 23,

2247-2254.

20 L. Cabo-Fernandez, D. F. Bradley, S. Romani, S. J. Higgins and D. J. Schiffrin,

ChemPhysChem, 2012, 13, 2997-3007.

21 R. L. Stiles, R. Balasubramanian, S. W. Feldberg and R. W. Murray, J. Am. Chem.

Soc., 2008, 130, 1856-1865.

22 R. Sardar, C. A. Beasley and R. W. Murray, Anal. Chem., 2009, 81, 6960—6965.

23 K. L. Chen and G. D. Bothun, Environ. Sci. Technol., 2014, 48, 873—880.

Thiolated metallic nanoparticles and their interactions with lipid membranes 135



Electroactive NPs and their interaction with lipid membranes

24 C. Contini, M. Schneemilch, S. Gaisford and N. Quirke, J. Exp. Nanosci., 2018, 13,

62-81.

25 W. Xia, Y. Li, Y. Wan, T. Chen, J. Wei, Y. Lin and S. Xu, Biosens. Bioelectron., 2010,

25, 2253-8.
26 J. Jiang, G. Oberdorster and P. Biswas, J. Nanopatrticle Res., 2009, 11, 77-89.
27 A. Elsaesser and C. V. Howard, Biol. Interact. Nanopatrticles, 2012, 64, 129-137.

28 R. V. Goreham, V. C. Thompson, Y. Samura, C. T. Gibson, J. G. Shapter and |. Képer,

Langmuir, 2015, 31, 5868-5874.

29 N. Abraham, E. Csap0, G. Bohus and I. Dékany, Colloid Polym. Sci., 2014, 292, 2715—

2725.

30 G. J. Gordillo, Z. Krpeti¢ and M. Brust, ACS Nano, 2014, 8, 6074—6080.

31 G. K. Rowe and S. E. Creager, 1991, 2307-2312.

32 C. E. D. Chidsey, C. R. Bertozzi, T. M. Putvinski and A. M. Mujsce, 1990, 4301-4306.
33 A.V Rudnev, K. Yoshida and T. Wandlowski, Electrochimica Acta, 2013, 87, 770-778.

34 A. V Rudnev, U. Zhumaev, T. Utsunomiya, C. Fan, Y. Yokota, K. Fukui and T.

Wandlowski, Electrochimica Acta, 2013, 107, 33—44.
35 S. Zhang, A. Nelson and P. A. Beales, Langmuir, 2012, 28, 12831-12837.
36 M. Brust and G. J. Gordillo, J. Am. Chem. Soc., 2012, 134, 3318-3321.

37 R. P. Carney, Y. Astier, T. M. Carney, K. Voitchovsky, P. H. Jacob Silva and F.

Stellacci, ACS Nano, 2013, 7, 932-942.
38 S. Chen, Langmuir, 2001, 17, 6664—6668.

39 S. Lingler, I. Rubinstein, W. Knoll and A. Offenhausser, Langmuir, 1997, 13, 7085—

7091.

Thiolated metallic nanoparticles and their interactions with lipid membranes 136



Electroactive NPs and their interaction with lipid membranes

40 C. Brett, S. Kresak, T. Hianik and A. M. Oliveira Brett, Electroanalysis, 2003, 15, 557—

565.

41 C. M. Bailey, E. Kamaloo, K. L. Waterman, K. F. Wang, R. Nagarajan and T. a.

Camesano, Biophys. Chem., 2015, 203-204, 51-61.

42 S.-H. Park, S.-G. Oh, J.-Y. Mun and S.-S. Han, Colloids Surf. B Biointerfaces, 2006,

48, 112-118.

43 Y. Guo, E. Terazzi, R. Seemann, J. B. Fleury and V. A. Baulin, Sci. Adv.

44 L. Shang, K. Nienhaus and G. U. Nienhaus, J. Nanobiotechnology, 2014, 12, 5.

45 S. Salatin, S. Maleki Dizaj and A. Yari Khosroushahi, Cell Biol. Int., 2015, 39, 881—

890.

46 A. E. Nel, L. Madler, D. Velegol, T. Xia, E. M. V Hoek, P. Somasundaran, F. Klaessig,

V. Castranova and M. Thompson, Nat. Mater., 2009, 8, 543.

47 Y. Liu and R. Mark Worden, Biochim. Biophys. Acta, 2015, 1848, 67-75.

48 P. R. Leroueil, S. A. Berry, K. Duthie, G. Han, V. M. Rotello, D. Q. McNerny, Baker

James R., B. G. Orr and M. M. Banaszak Holl, Nano Lett., 2008, 8, 420-424.

Thiolated metallic nanoparticles and their interactions with lipid membranes 137



Complex polymeric AuNPs and their interactions with lipid membranes

6. Complex polymeric AuNPs and
their iInteractions with lipid
membranes

Nanoparticles (NPs) are widely used in biomedical applications and they have become
important tools in the design, synthesis and manufacturing of selective diagnostic systems,
most especially in the combat against bacterial resistance. This chapter outlines the different
studies undertaken with complex thiol-protected AuNPs, received form Dr Agasti’s research
group (Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India). The
research conducted in this chapter explores the NP surface functionalities and their
interactions with both artificial cell membranes and real bacterial cells. Quartz crystal
microbalance (QCM), Resonance enhanced surface impedance (RESI) and electrochemical
impedance spectroscopy (EIS) are used to investigate the penetration behaviours as well
as the electrochemical responses of the complex NPs with tethered lipid membrane (tBLM)
on gold electrodes. The minimum inhibitory concentration (MIC) technique is used to

investigate of potency of these NPs against Gram-negative Escherichia coli bacterial cells.

6.1. Introduction

The use of nanoparticles (NPs) have seen a great increase in the field of bio-
nanotechnology. This has been due to the unique physiochemical properties of NPs and the
ease at which these particles can be synthesised and functionalised in a controlled manner
thus they can be useful tool in biomedical applications such as sensing, delivery and
imaging.! This chapter will consider the use of NPs as antibacterial agents; it will give
background information on the bacterial cell walls and the toxicity mechanism of NPs against

bacterial cells.
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6.1.1. An Introduction to bacteria cell walls

The bacteria are prokaryotic cells; they do not possess a membrane bound nucleus thus the
DNA is not surrounded by a membrane envelope but is hosted in the cytoplasm. The
greatest difference is seen in the structural characteristics of the cell wall (Figure 6.1-1).
Bacteria cell walls act as an outer envelope providing strength, rigidity and shape to the
bacterial cell.? Hans Christian Gram developed a technique that allows the distinction of
bacterial cell wall structures; this staining technique has been divided into two categories
based on the response to the Gram stain procedure. In a Gram test, the bacteria is stained
with violet crystal dye and a colour change is seen characteristic of the bacterial cell wall
structure. A decolourisation is seen for Gram negative bacteria; this is due to the thin/single
layer of cell wall (peptidoglycan) that cannot prevent the stain from leeching out, causing the
outer membrane to dissolve and the peptidoglycan layer to break apart. However, Gram
positive bacteria retain their colour (pink or red) due to the thick/several layer of

peptidoglycan cross-linked in the matrices allowing the cell to retain its initial staining colour.®
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Figure 6.1-1: lllustration of the structure and composition of bacteria cell walls; A) Gram-positive and
B) Gram-negative. Reprinted from Ref. 4 with permission from Elsevier (Trends in Biotechnology).
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Table 6.1-1: Table showing different components of bacterial cell wall for both Gram positive and
negative.>3

Cell wall components Gram positive Gram negative
Peptidoglycan 15-80 nm in thickness, | Thinner layer (2-3 nm)
major component of cell
wall (~50 %)
Teichoic acid Covalently  bonded to | None
peptidoglycan
Lipoteichoic acid Lipid linked teichoic acid None
Periplasmic space Small or none Contains enzymes
Outer membrane None Phospholipids with
saturated fatty acids,
embedded porins,
lipoproteins
Lipopolysaccharide None Lipid A, core
polysaccharide, O antigen

6.1.2. Mechanism of NPs against bacteria

There are bacteria that are useful to human life, such as bacteria that can convert nutrients
in the soil into useful forms that can be taken up into plants, or bacteria that live in the gut in
helping with food digestion. other bacteria are harmful to human lives and these are called
pathogenic, disease causing. Such bacterial infections if not treated can cause serious
illness even death. As a result, it is essential to find ways that will kill these harmful bacteria
(bactericidal) or dramatically decrease their growth (bacteriostatic) without causing harm to
the healthy surrounding human tissues. Scientists have developed antibacterial agents that
can act in such ways, examples include B-lactams (penicillin), antibiotics (sulphonamides).*
Due to the rise in bacterial resistance caused by the overuse of certain antibacterial drugs,
antibiotics, there is a real need to manufacture antibacterial agents that can combat these
multidrug-resistant bacteria while decreasing drug manufacturing costs as well as reducing
side effects for patients as lower doses of the drugs would only be needed instead of multiple
drugs. The formulation and use of NPs as antibacterial agents have been reported to be
successful, whereas bacteria can develop resistance towards antibiotic drugs, the bacteria
is unable to develop resistance against NPs as these react with multiple components of the
cell.>” The exact mechanism used by NPs to cause bacterial toxicity is still not well

understood. However, antibacterial action of NPs have been reported to have two main
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mechanisms; the first is the prevention of bacterial growth by inhibiting proteins in the cell
that causes a decline in the bacterial metabolism and, the second is NPs inducing the

formation of free radicals (reactive oxygen species) into the cell causing eventual cell lysis.®-

10

It is also important to highlight that the toxicity of NPs are dependent on two main factors:
the physicochemical properties of the NPs (NPs composition, size and surface
functionalisation) and the bacteria species (Gram-positive or Gram-negative) and their rate

of growth.* 711

In this chapter, the research focused on the (semi)quantitative interaction of complex thiol-
modified gold NPs to lipid membranes; both artificial cell membrane models and real
bacteria cells, using different techniques which includes quartz crystal microbalance (QCM),
resonance enhanced surface impedance (RESI), electrochemical impedance spectroscopy

(EIS) and minimum inhibitory concentration (MIC).

The chapter further discusses the observed effects for the studies of NPs with different
surface composition on their (semi)quantitative penetration behaviour to both artificial cell

membrane models i.e. tBLM model immobilised on gold electrodes and bacterial cells:

i. the effect of these complex NPs on tBLM immobilised on gold electrodes using

QCM, RESI and EIS techniques;
and

ii. the effect of these complex NPs on Gram-negative Escherichia coli (E. coli) bacteria

cells using MIC technique.
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6.2. Results & Discussion

Surface composition of NPs have been reported to have an impact on NPs interaction with
lipid membrane.'? The results in this chapter investigates the effect of surface composition

of NPs on both artificial and real lipid membranes.

6.2.1. Modified AuNPs

The complex functionalised AuNPs were from received from Dr Sarit S. Agasti (Jawaharlal
Nehru Centre for Advanced Scientific Research, Bangalore, India), the size (3 nm) and
structure characterisation were provided by the Agasti research group and, the NPs were
used without purification, they were diluted to a concentration of 200 nM in deionised water.
Unfortunately, since so little sample volumes were received, we were unable to do more
characterisation of the NPs; however, the structures of the samples were assigned using

the information received.

The functional groups incorporated in the makeup of the complex AuNPs consist of;
alkanethiol group, TEG group, cationic ammonium group (primary, secondary and
guaternary), alkyl group and aryl (aromatic hydrocarbon) group. Table 6.2-1 shows the

samples that were used in the research as well as their chemical structures.
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Table 6.2-1: Table showing the chemical structures of the modified AuUNPs used in this research. The
samples were dispersed in deionised water to a concentration of 200 nM.

Molecular
Sample ID weight Sample structure
/g mol*
NH,
AuC  TEGNHXYyI 653 @ . °\/\o/\/°\/\o/\/<§2
AuC,  , TEGNMe Bz 651 . . e~ /\/I\N/Iez
IS
Me,
AuC  TEGNMe,Hexyl 645 s NN N N N e
Hz

AuCllTEGNHCGNH2 632 s o\/\o/\/o\/\o/\/@\/\/\/\NH2

The advantage of having a strong thiolate bonding (R-S) covalently bonded to the gold metal

core (R-S-Au group) enables the colloidal sample to have a great stability against

aggregation as well as enabling the sample to have controlled NPs sizing; strong alkyl-thiol

ligand binding on metal cores leads to small NP sizes, as well as improved/enhanced NPs

stability.®®* Ordinarily thiol-modified NPs are synthesised in inorganic solvents such as

toluene using the Brust-Schiffrin synthetic method!* these NPs dispersed in inorganic
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solvents are therefore immiscible with neutral aqueous solutions and biological media thus
potentially limiting their uses in biomedical applications; the organic solvent can be said to
be toxic to living organisms in other words, they are bio-incompatible. It has been reported
that poly- or mono ethylene glycol units as part of the capping agent protecting the metal
clusters adds the ability of the NPs to become soluble in water thus increasing their
biocompatibility.'>® Adding to that, polyethylene glycol (PEG) acts as protecting layer on
the surface of the NPs with functionality such as preventing the non-specific and unwanted
interaction of pegylated NPs with proteins in biological samples.'” The NP samples used in
this research have triethylene glycol units (TEG, CgH1404) incorporated into the makeup of
the NPs. As a low molecular compound of PEG, having TEG units would not only improve
the water solubility and biocompatibility of the NPs, but also it would decrease the bulkiness

that is associated with PEG units as well as maintain the stability of thiolated AuNPs.8

In this research, secondary and quaternary ammonium cations are part of the NP makeup.
As charged groups, these would change the surface net charge of the NPs thus favouring
oppositely charged ions, consequently affecting the interactions of the NPs with
phospholipid membrane.!® The addition of hydrophobic aryl (aromatic hydrocarbons) group
as one of the functional groups on the AuNPs would enhance the NPs hydrophobicity.
Generally hydrophobic NPs tend to aggregate, thus affecting the NPs physiochemical
properties such as its large surface-to-volume ratio consequently its ability to cytotoxicity.°
This can be overcome by having charged functionality as part of the NPs makeup, which
eliminates the aggregation issue.

6.2.2.  NPs interaction with artificial lipid membrane immobilised on gold

substrates

Different techniques were employed to characterise the interactions of NPs with artificial
lipid membranes (Figure 6.2-1); QCM focused on the change in mass density that the
interaction of NPs with lipid membranes caused, RESI technique focused on the interaction

of the NPs with tBLM models in terms of the changes in RESI capacitance and
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electrochemical impedance spectroscopy (EIS) focused on the electrochemical responses

induced by exposing lipid-insulated electrodes in AUNPs rich solutions.
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Figure 6.2-1: lllustration of the results aquired for the study of NPs intercation with artificial lipid
membranes.

6.2.2.1. Spontaneous tBLM formation

In this study, QCM technigue was used to monitor in real time the formation of lipid bilayer
on SAM mobilised gold crystals. QCM crystals were modified with thiols to form SAM layer
in situ by electrochemical deposition method; instead of the immersion of the gold substrates
in thiol solutions for 48 hrs, this step was adjusted to enable the electrochemical deposition
of thiol lipids on gold substrates, for a faster and effective technique for the formation of
thiolated SAM on gold electrodes.?> EQCM cells were set up with the working electrode
(QCM gold crystal), counter electrode (Pt flag) and the pseudo reference electrode (Pt wire).
The cells were filled with a mixture solution of thiol lipids in EtOH (1 mM) and 0.1 M KNOs;
and a potential of 0.6 V was held at the working electrode for 45 min. The quality of the
monolayer formation was checked in a redox rich solution with the suppression of redox

peaks for successfully formed SAM on gold substrates (Figure 6.2-2).
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Figure 6.2-2: CV of SAM-madified gold crystals in solution of 10 mM Fe3*4* (5 mM Ka[Fe(CN)s] and
5 mM Ks[Fe(CN)g]) in 0.1 M KNOs at 50 mV/s scan rate.

Only the fully insulated SAM crystals without defects were used for the following stage,
deposition of POPC lipid vesicles whist monitoring the formation of bilayer layer on the SAM

modified gold crystals using QCM technique to record the change in frequency.

After a system stabilization time of 15 min was obtained which was similar to the studies
used for RESI experiments (Chapter 5.3), the lipid vesicles in the prepared solution were
dispersed in the QCM, the lipid bilayer formation was monitored as the changes in resonant

frequency (Figure 6.2-3).
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Figure 6.2-3: Measured QCM frequency shifts during the formation of lipid bilayer on SAM electrode

Similarities of both systems is seen in the formation of the lipid bilayer causing decreases in
RESI capacitance (Chapter 5.2.3, Figure 5.2-12) and resonant frequency (QCM, Figure
6.2-3). The decrease in frequency (negative Af) has been reported on oxidised gold surface
for the adsorption of intact lipid vesicles at 90 Hz resonant frequency shift?? whilst on thiol
monolayer on gold crystals, resonant frequency shifts generated from the lipid adsorption
were from -26 to -350 Hz (depending on the nature of the thiol molecules).?*?* From our
results, Af was recorded at -118 + 50.4 Hz, within the range of reported resonant frequency
shifts; this is evidence that our method is reliable for the formation of stable lipid bilayer on
lipid monolayer immobilised on gold crystals. The injection of POPC vesicle solution
generated the decrease in frequency (negative Af) attributed to the addition of mass onto
the crystal’s surface due to the vesicles’ deposition and adsorption and, the consequent
formation of lipid film on the crystal surface. Using the Sauerbrey equation (Am = -CAf with

C =56.6 Hz cm? ug?), the change in mass was determined to 1448 + 134 ng/cm?, equivalent
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to 11 molecules/nm?. The expected result was of direct fusion of POPC vesicles on SAM
due to its hydrophilic interactions.?®> We also saw a slight increase of Af, thus decrease in
mass which can be interpreted as the release of water from the vesicles as these ruptured,
this increase of Af eventually reached stable values for the formation of intact lipid bilayer to

form bilayer film.

6.2.2.2. NPs-bilayer interactions

We investigated the effect of NP surface charge and the penetration behaviour of these
complex AuNPs through tBLM models using QCM, RESI techniques and impedance
spectroscopy (EIS). QCM is a technique commonly used to monitor the interaction between
NPs and lipid membrane in real time.?® A study conducted by Bailey et al?’ investigated the
NPs-membrane interaction using QCM coupled with dissipation monitoring. Their findings
show that the ability of the technique distinguish between the different interaction
mechanisms of NPs, whether it is through adsorption, as the calculated increase in mass
corresponding to the changes in frequency values before and after exposure, and a
subsequent NPs adsorption would be a calculated decrease in mass. EIS, on the other
hand, is used to study of NPs-membrane interaction; giving information on the interaction
mechanism after exposure of the model membrane to the NPs, in terms of electrical
properties of the membrane before and after exposure. Lui et al.?8 reported on the influence
of NPs surface chemistry on their interaction with lipid membrane tethered on gold electrode
surfaces. The findings revealed that the changes in the component values of the fitted circuit
related to the mechanism of NPs-membrane interaction; a decrease in the membrane
resistance values after NPs exposure were due to the formation of membrane defects.
Whereas changes in membrane capacitance has been reported to be due to the adsorption

of NPs at lipid-electrolyte interface.'?

Every experiment (RESI, EIS and QCM) was carried out at least three times.
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As RESI is a relatively new technique, this will be used to give a qualitative interpretation of
the penetration of NPs through lipid membranes; both techniques, QCM and RESI, gave
real time measurements as to map the interactions of NPs with lipid membranes as

illustrated in Figure 6.2-4.
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Figure 6.2-4: Schematic diagram to illustrate the interaction of complex AuNPs with planar lipid
membranes; A) the formation of tethered lipid bilayer via the interaction of vesicles and hydrophobic
SAM on gold electrode, B) the addition of NPs into the system leading to their interaction with the
tBLM model and C) through NPs penetration and lipid desorption (lipid defects formation)

RESI results show the following stages Figure 6.2-5: stage (a) for the stabilisation of the
system for approximately 15 min at set flow rate of 5 uL/min; as this was a continuous flow
system, a constant flow of buffer (20 mM PBS) was maintained, following the injection of
fresh solvent (deionised water) which was also left to run for another 10 min of stabilisation
stage (b). Stage (c) saw the injection of 200 pl of AuNPs, dispersed in deionised water at a
concentration of 200 nM into the system fitted with tBLM-modified gold sensors. Followed
by a repeat of the earlier stages; buffer, solvent, NPs injection and buffer, for the stages (d),
(e), (f) and (g) respectively.

From the results obtained from QCM investigations, different stages were assigned: stage
(a’) showing the stabilisation of the system for approximately 15 min; static system where
the cell is filled with 2 mL of buffer 20 mM PBS, after system stabilisation, the cell was
emptied and re-filled with fresh solvent (deionised water) for another 10 min of stabilisation
stage (b’). This treatment was applied to all four samples prior to the addition of NPs into
the system; stage (c¢’) saw the flush and refill of the cell with AuUNPs making up the
concentration of 200 nM, the dispersion of NPs into the system allowed the NPs to interact
with the lipid membrane for approximately 40 min followed by the final flush and re-fill of the

cell with fresh buffer as indicated in stage (d’).

Thiolated metallic nanoparticles and their interactions with lipid membranes 150



Complex polymeric AuNPs and their interactions with lipid membranes

Concerning EIS investigations, the tBLM electrodes were checked for lipid defects in redox
rich solutions before they were used for the study; only well insulated electrodes were used.
These tBLM electrodes were used as working electrodes in electrochemical cells as part of
the 3-electrode set up: Pt flag as counter electrode and Pt wire as pseudo-reference
electrode, the electrolyte solution used was 20 mM PBS. EIS experiments were run before
and after one-hour incubation of the immobilised electrodes in the specified NPs solutions
to determine the effect of NPs interaction with lipid membrane. The EIS data obtained were
fitted to the equivalent circuits, included in the graphs for each NP. The circuits were
composed of different parameters; the common parameters were solution resistance (Rs),
membrane CPE (Qm) and membrane resistance (Rm). The constant phase element (CPE)
was used instead of a capacitor (C) to compensate for the non-homogeneity in the system

which can be caused by imperfections of the lipid membrane on the surface of the electrode.
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Figure 6.2-5: A) Change in RESI capacitance for the interaction of -NHXyl functionalised AuNPs with
tBLM sensor over time in a running electrolyte solution of 20 mM PBS at a set flow rate of 5 uL/min,
B) measured QCM frequency shifts during the interaction of NPs with tBLM electrode (blue arrows
indicate the injection of NPs into the system) and C) experimental EIS spectra for the interaction of
NPs with tBLM electrode, before and after 60 min incubation in NP solution. Left vertical axis: log of
impedance (Z) magnitude (grey). Right vertical axis: minus phase angle (dark red). Solid lines are
impedance curves simulated from an electric equivalent circuit model of R(QR) — see insert; Rs:
solution resistance, Qm & Rm: membrane CPE and membrane resistance respectively.

OCM & RESI results

The injection of —NHXyl functionalized NPs into the system saw unstable frequency shifts
Figure 6.2-5B, this could be evidence of membrane perturbation by the addition of NPs.
However, at the end of the NPs interaction time (stage ¢’), the frequency difference recorded
was only -1.9 + 1.46 Hz, synonymous of a calculated mass gain of 23.0 + 18.3 ng/cm?, this
can be assumed to be caused by NPs adsorption at lipid’s surface. However, at the end of

the final flush and buffer stage, the Af was recorded as +0.23 + 1.49 Hz, which we assigned
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as the desorption of NPs from the lipid-electrolyte interface due to the mass loss of 2.83 +
0.71 ng/lcm? (stage d’); implying the interaction between the NPs and the lipid surface

membrane was of non-specific NPs adsorption of onto the lipid membrane.

The RESI results recorded a U-shaped well, created from the addition of NPs into the system
(Figure 6.2-5A - stage d). We attributed this feature to the adsorption of NPs at electrolyte-
lipid interface followed by the desorption of the NPs from the lipid’s surface, which reflected
the QCM results of the non-specific NPs adsorption. After the addition of the deionised water
(solvent) into the system, a sharp RESI capacitance decrease was recorded (stages e-f)
and this was referred to as lipid destabilisation which lasted 33 min. We attributed such lipid
perturbation event to the rearrangement of lipid molecules, evidence of the bilayer self-
healing property seen in the recovery of the RESI capacitance to near initial value, even the
2" injection of the NPs only caused an overall RESI capacitance decrease of 8.6 + 4.46 nF

(stage h).

EIS results
The EIS fitting using the NOVA software gives values for Ro and Q which are the terms
defined in Eq. 6-1; where R, is the low frequency real-axis intercept, T is the mean time

constant, and n is related to the depression angle.

Ro

_ Ry
T (1+ReQGw)™)

this can also be expressed as Z = ArRe0GaT)™

(6-1)
The pseudo value of the capacitance was calculated from Eq. 6-1 using values from the
CPE in parallel with the resistor, the value, expressed in Eq. 6-2, can be derived from the

above equations knowing that T = RC.%°

(QoR)/™
R

C = (6-2)

Eq. 6-2 was used for the CPE used in the calculation for the impedance; where Yo =
capacitance, w = frequency and n = coefficient (value between 0 and 1, where 1 is for an

ideal capacitor).
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1
/ = 6-3
Yo(w)n (6-3)

Table 6.2-2: Resistance and capacitance values of tBLM before and after incubation in -NHXyl
functionalised AuNPs. @ Capacitance values calculated from Eq. 6-2

Membrane Membrane CPE (Qm) Membrane
resistance (Rm) /IMQ /uMho capacitance #(Cp) InF
Before 69.0 + 1.04 1.23 £ 0.07 (0.878) 49.0
After 64.0 +1.03 1.12 £ 0.09 (0.873) 37.4

From the impedance results and experimental data fit (Figure 6.2-5C and Table 6.2-2), we
saw the lack of change in the electrical properties of the membrane when comparing before
and after incubation of lipid-modified electrode in NP solution for 60 min; following very small
changes in their components with fitting of R(QR) equivalent circuit. The changes observed
in Table 6.2-2 was of small decreases in R, and Qm values and consequently to the
membrane capacitance (Cm). These results suggest that the exposure of the lipid membrane
in a solution of -NHXyl functionalised AuNPs after 60 min did not favour penetration of the
NPs into the lipid membrane, NPs adsorption at electrolyte-lipid interface was of weak

interactions as was identified with the other techniques (QCM and RESI).

A study by Lin and Alexander-Katz*® on the effect of cationic NPs uptake through model cell
membranes have revealed that the presence of terminal primary ammonium groups (R-
*NHz3) in an alkanethiol-functionalised AuNPs induce spontaneous translocation of NPs
under transmembrane potential of -1.5 V using simulation studies. But before the
translocation can occur, both NPs and cell membrane were constrained, and this caused
membrane defects to form. Consequently, the NPs passed through the lipid holes, thus
translocation took place. Adding to that, the authors also observed the self-healing property
of the membrane model after NPs translocation occurred. Although the membrane model
for our study was un-potentiated, it can be argued that similarities in our results and theirs

can be drawn; in our study, NPs adsorption was the initial interaction process followed by
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NPs desorption which caused membrane destabilisation then lipid rearrangement. As a
result, the drawn similarities can be highlighted in the induced lipid destabilisation which
caused non-destructive membrane defects seen by the membrane self-healing properties.
Self-healing membrane properties in the RESI results referred to the ability to recover to
near initial RESI capacitance values prior to NPs injection into the system and NPs

interaction with lipid membrane.
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Figure 6.2-6: A) Change in RESI capacitance for the interaction of -NMe2Bz functionalised AuNPs
with tBLM sensor over time in a running electrolyte solution of 20 mM PBS at a set flow rate of 5
pL/min, B) measured QCM frequency shifts during the interaction of NPs with tBLM electrode and C)
experimental EIS spectra for the interaction of NPs with tBLM electrode, before and after incubation
in NP solution. Left vertical axis: log of impedance (Z) magnitude (grey). Right vertical axis: minus
phase angle (dark red). Solid lines are impedance curves simulated from an electric equivalent circuit
model of R(QR)C — see insert; Rs: solution resistance, Qm: membrane CPE, Rm: membrane
resistance and Csp: spacer capacitance.
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OCM & RESI results

From Figure 6.2-6B, the injection of sample (—NMe.Bz) into the cell caused an initial
decrease in frequency (Af = -16 £ 2.96 Hz) for the NPs from QCM results, denoting the
adsorption of NPs on electrolyte-lipid interface, following the flush of cell content and the
addition of buffer solution, a further decrease in frequency of (Af = -56 * 19.27 Hz),
equivalent to a mass gain of 712 + 33.4 ng/cm? was detected. On the other hand, the RESI
results for this sample (Figure 6.2-6A) saw the initial injection of NPs causing adsorption of
NPs at electrolyte-lipid interface, a later NPs injection caused brief NP penetration and NP
expulsion events which only lasted 1.9 min (Figure 6.2-6A insert).

Considering the structure and surface chemistry of these NPs, the presence of the
hydrophobic benzyl group together with the quaternary ammonium salt made the polymer-
based NPs hydrophilic.®! It is probable that the hydrophilic nature of the NPs contributed to
the brief penetration of the NPs into the membrane, seen in RESI results. This conclusion
was supported in a simulation study by Pogodin et al*? though our membrane model was
not of a free-standing membrane model used in the simulation study. The study reported
that the penetration of hydrophilic cylindrical peptides into bilayer membrane was
energetically unfavourable, thus supporting our conclusion on the brief NPs penetration
which followed the NPs ejection from the lipid membrane. As a result, the penetration of the
hydrophilic NPs could not cause NPs translocation.'? In view of this finding, the brief
penetration of the —NMe>Bz functionalised hydrophilic AuNPs can also be said to be
energetically unfavourable owing to the subsequent repulsion of the NPs from the
membrane environment after 1.9 min, we believe that the brief penetration could have been

due to NPs accumulation at electrolyte-lipid membrane interface.

EIS results
Figure 6.2-6C, the fitting of experimental data with equivalent circuit (insert) revealed
R(RQ)C circuit to represent our system; RQ in series with a capacitor and solution

resistance. The capacitor was referred as a spacer capacitor as it combines the spacer
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region of the membrane and the electrode interface.?* The analysis of these results revealed
that the equivalent circuit was the same, suggesting that the incubation of the tBLM in
sample solution did not affect the electrical properties of the membrane. Implying that the
exposure of tBLM in —NMe;Bz functionalised AuUNP solution did not result in membrane
defects formation. However, changes to the values of the components of the circuitry seen
in Figure 6.2-6C suggest interactions of the NPs at electrolyte-lipid interface. The circuit
expected for this sample penetration would have been a simple Randles, R(QR), as this
also reflect the results from the RESI and QCM experiments of the perturbation of the lipid’s
architecture by the interaction of lipid membrane with the NPs, thus causing lipid defects,
seen with the decrease in RESI capacitance and frequency change values.

Table 6.2-3: Resistance and capacitance values of tBLM before and after incubation in -NMe2Bz
functionalised AuNPs. @ Capacitance values calculated from Eq. 6-2.

Membrane Membrane CPE Membrane Spacer
resistance (Rm) (Qm) /NMho capacitance capacitance
MQ m 3Cm) InF (Csp) IUF
Before 6.65 + 0.63 6% ?5192)'5 1.71 x 10" 4.68 + 0.62
After 13.0+2.4 52(3 = 414?;'0 7.48 x 107 3.24 £0.90

It has been reported that polymer containing quaternary ammonium group are found to be
weakly bound to POPC vesicles without inducing pores.** Comparing the structure of —
NHXyl with —Me,Bz functionalised AuNPs, the differences arise in the additional primary
ammonium end group to the aryl group as well as a secondary ammonium group instead of
the quaternary ammonium group present in the —Me;Bz functionalised AuNPs. Though the
interaction mechanism of both NPs promoted NPs adsorption with lipid membrane, the
differences in structure and surface chemistry of the NPs were found to have played a role

in the penetration of NPs though the lipid membrane.

Thiolated metallic nanoparticles and their interactions with lipid membranes 157



RESI capacitance (nF/cm?)

Complex polymeric AuNPs and their interactions with lipid membranes

6.2.2.5. AuC11: TEGNMezHexyl
A B
30
116 - g
¥
112 4 =
3 20
(=
o
=
o
(5]
108 i
g
10
104 -
100 -
T T T T . ‘I T 0
0 50 100 150 200 250 0 20 40 60 80 100
Time (min) c Time (min)
T T T T T T T T
- 80
74 = aemoeez=22t0t 000 before
B 3 o after
Qm L 60 mez
6 - O NN N NN NN\

Log|Z|(©)

s

- 40

-Phase (°)

20

------

S

Log frequency (Hz)

Figure 6.2-7: A) Change in RESI capacitance for the interaction of -NMezHexyl functionalised
AuNPs (dispersed in deionised water) with tBLM sensor over time in a running electrolyte solution of
20 mM PBS at a set flow rate of 5 pL/min, B) measured QCM frequency shifts during the interaction
of NPs with tBLM electrode (blue arrows indicate the injection of NPs into the system) and C)
experimental EIS spectra for the interaction of NPs with tBLM electrode, before and after incubation
in NP solution. Left vertical axis: log of impedance (Z) magnitude (grey). Right vertical axis: minus
phase angle (dark red). Solid lines are impedance curves simulated from an electric equivalent circuit
model of R(QR) — see insert; Rs: solution resistance, Qm & Rm: membrane CPE and membrane
resistance respectively.

OCM & RESI results

The addition of NPs into the system caused an initial NPs adsorption on the surface of the
lipid membrane which was seen in the unchanging frequency values following the addition
of the NPs for the first 5-6 min (Figure 6.2-7B, stage ¢’), enabling the clustering of NPs at
electrolyte-lipid interface. Further interaction time of the NPs with the membrane caused a

gradual increase in frequency, calculated as a total mass loss of 266 + 52.7 ng.
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The RESI results have shown parallel results to the QCM, the injections of samples into the
system caused decreases in RESI capacitance (Figure 6.2-7A), seen for both injection
stages ¢ and f. These RESI capacitance decreases were found unable to recover back to
their initial values from the buffer and solvent runs, synonymous to the permanent change
to the electrolyte-lipid interface caused by the NPs-membrane interaction. The RESI
capacitance U-shaped well as seen with the —-NHXyl sample, for the temporary adsorption
of NPs at electrolyte-lipid interface, was not recorded for this sample (-NMezHexyl). Instead,
the decrease in RESI capacitance saw a repeated pattern of L-shaped wells, we attributed

these to the permanent adsorption of NPs at electrolyte-lipid interface.

EIS results

The experimental results for the penetration of the —_NMe;Hexyl NPs (Figure 6.2-7C) was
fitted using R(RQ) equivalent circuit, although no circuitry changes was observed before and
after 1hr exposure of tBLM modified electrode in NPs solution, denoting that there was no
changes to the overall architecture of the lipid membrane during the interaction with NPs.
However, the EIS data recorded small decreases for Ry , Qm and Cn, values were recorded
in Table 6.2-4. Although the change in shapes of the EIS curves, before and after immersion
in colloidal solution could suggest possible accumulation at electrolyte-lipid membrane

without disruption of the lipid membrane via defects’ formation or possibly NPs penetration.

Table 6.2-4: Resistance and capacitance values of tBLM before and after incubation in -NMez2Hexyl
functionalised AuNPs. 2 Capacitance value calculated from Eq. 6-2.

Memb(;?ge or Membrane Membrane
b CPE (Qm) capacitance
resistance JuMho 3(Cm) INF
(Rm) IMQ m
1.82 +0.08
Before 36.0+3.01 (0.852) 31.0
1.52 +14.5
After 24.8 £ 2.75 (0.847) 19.9
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Comparing the makeup of the NPs, —-NMe»Bz with —NMezHexyl, the difference is with the
presence of aryl group in —-NMe2Bz, whilst the —~NMe,Hexyl NPs only contained alkyl terminal
chain. From our results, we can conclude that —NMez;Hexyl functionalised AuNPs were
found to permanent adsorption of NPs at the electrolyte-lipid interface (RESI and EIS
results), with the possibility of NPs clustering at electrolyte-lipid interface (QCM results).
Compared to the interaction mechanism of the —NMe;Bz functionalised AuNPs with lipid
membrane that was of a non-destructive nature, the results obtained from the different
techniques agree that the exposure of the tBLM in the colloidal solution (—-NMe;Hexyl
functionalised NPs) caused irreversible changes to the lipid membrane via electrostatic
interaction between the negatively charged phosphate group of the membrane and the
positively charged units of the NPs; whereby the structure and surface charge of the NPs

were found to play a role in the interaction mechanism of the NPs with lipid membrane.

A study by Mensch et al.3* agreeing with our conclusion on the effect of the electrostatic
attraction between positively charged nanomaterials with the negative surface potential of
the bilayer induced membrane perturbation. In their study, the authors reported the
interaction of quaternarly ammonium (poly-diallyldimethylammonium chloride, PDDA)
stabilised quantum dots with lipid membrane (DOPC bilayers) using QCM with dissipation
monitoring and AFM, they suggested that the interaction of quantum dots with the lipid
membrane caused structural changes to the membrane upon interaction, these were seen

as large aggregates or ‘microdomains’.
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Figure 6.2-8: A) Change in RESI capacitance for the interaction of -NHCeNH2 functionalised AuNPs
with tBLM sensor over time in a running electrolyte solution of 20 mM PBS at a set flow rate of 5
pL/min, B) measured QCM frequency shifts during the interaction of NPs with tBLM electrode (blue
arrow indicates the injection of NPs into the system) and C) experimental EIS spectra for the
interaction of NPs with tBLM electrode, before and after incubation in NP solution. Left vertical axis:
log of impedance (Z) magnitude (grey). Right vertical axis: minus phase angle (dark red). Solid lines
are impedance curves simulated from an electric equivalent circuit model of R(QR) — see insert; Rs:
solution resistance, Qm & Rm: membrane CPE and membrane resistance respectively.

QCM results

It has been reported that terminal cationic ammonium groups on AuNPs are strongly
attracted to the phosphate groups of the neutral zwitterionic lipid bilayer which caused
membrane defects on supported lipid bilayers.*® However, our results did not show such
trend Figure 6.2-8A; the calculated mass increase (observed frequency decrease) was
found to be synonymous to the adsorption of NPs onto the electrolyte-membrane interface

and/or the embedment of NPs into the lipid membrane.
EIS results

No change to the circuit model was observed for before and after the incubation period,
which suggest that no change electrical property occurred to the systems after -NHCsNH>

functionalised AuNPs exposure (Figure 6.2-8B).
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However, the increase in electrical conductance has been reposted to be due to the
perturbation of the lipid membrane by the NPs exposure.®® Though our results did not
express the circuitry components in terms of conductance, we associated the increase in
Rm and Qm values after NPs exposure to the embedment of NPs into the lipid membrane,

which did not lead to an overall membrane destabilisation.

Table 6.2-5: Resistance and capacitance values of tBLM before and after incubation in -NHCsNH2
functionalised AuNPs. 2 Capacitance values calculated from Eq. 6-2.

Membrane Membrane CPE (Qm) Membrane
resistance (Rm) /MQ /uMho capacitance #(Cn) /HF
Before 13.0+1.13 457 + 4.61 (0.927) 59.7
After 15.7 £ 2.10 547 + 5.82 (0.907) 40.1

Unlike the interaction mechanism of —NMe;Hexyl functionalised AuNPs that promoted NPs
penetration and induced lipid defects, the interaction of —-NHCsNH: functionalised AuNPs
however, was not found to disrupt the lipid membrane. We concluded that the binding
interaction between the surface functionality of the NPs i.e. the cationic ammonium
functional groups (primary and secondary ammonium groups) on the monolayer protecting
the NPs and, the phosphate group on the zwitterionic lipid membrane promoted the

clustering of the NPs at lipid’'s surface without inducing membrane disruption.3®

The overall conclusion to this study gave emphasis to the impact of surface charge of the
NPs on NP-membrane interactions. NPs containing aromatic substituents were found to
weakly bind to the cell membrane’s surface without causing permanent membrane
disruptions, whereas the aliphatic containing NPs were found to cause permanent
destabilisation of the membrane structure either by defects formation via or due to NPs

penetration or by NPs embedment into the cell membrane.
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6.2.3.  NPs interaction with bacteria cell membrane

It has been reported that positively charged (cationic) NPs adhere to the surface of the
Gram-negative bacteria, due to electrostatic attraction between the positively charged NPs
and the negatively charged (anionic) lipopolysaccharides found in the outer cell wall of

Gram-negative bacteria.*’

Quaternary ammonium groups have been reported to have “bacteria-killing capability”*® so
we wanted to investigate the potency of complex functionalised AuNPs (containing
guaternary ammonium groups) using the minimum inhibitory concentration (MIC) by serial
dilution method of the NPs, the technique is also referred to as the broth micro-dilution
method. MIC is “the lowest concentration of an antimicrobial that will inhibit the visible growth
of a microorganism after overnight incubation”.® This method was based on the protocol
reported by Jennifer M. Andrews®®, a preparation of two-fold dilution of NPs in different agar
plates treatments; these treatments included environment with only the Lysogeny Broth (LB)
and NPs (control), others with both the LB, NPs and the Gram-negative Escherichia coli (E.

coli) bacteria.

The interaction between the NPs and the bacteria causes a change to the NPs optical
properties thus a variation in the absorbance would be observed. From our results, the
treatment of the bacteria, E. coli, with NPs at various concentration saw the formation of
precipitates at higher concentrations, we attributed the formation of precipitates to the
growth of bacteria and the inability of the NPs to function as bacterial inhibitors. The
determination of the MIC was for the concentrations with the least amount of precipitates,

which correlated to the absence of bacterial growth.
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Table 6.2-6: Minimum inhibitory concentration (MIC) of AUNPs against E. coli.

Nanoparticles MIC (nM)
AuC1; TEGNHXYyI 1.25+0.25
AuC: TEGNMe,Bz 0.63+£0.45
AuC1,; TEGNMezHexyl 0.16 + 0.06
AUC1: TEGNHCeNH: 0.16 + 0.03

In terms of bacterial growth inhibition, the NPs with the lowest MIC value against E. coli
would suggest that it was able to prevent visible bacterial growth at a low concentration, this
would be beneficial to use as antibacterial agent as it is required to have a low dosage of

drug concentration yet be effective in preventing bacterial growth.

The observed results revealed the NPs with bulky, aromatic side chains (-NMe.Bz and -
NHXyl) to have higher MIC values than the aliphatic side chains (-NMe;Hexyl and -
NHCesNH;), as seen in Table 6.2-6, we can ascertain that the presence of aromatic
substituents which introduced steric hindrance, affected the NPs’ ability to inhibit bacterial
growth at lower concentrations, whereby these bulky, aromatic side chains NPs were least

efficient at preventing bacterial growth at low concentrations.

It has been reported that linear quaternary ammonium containing polymers are bactericidal
because of the electrostatic attractions between the polymer’s positively charged cationic
groups and the negatively charged bacterial membranes, such interactions allows for the
straight alkyl chain to be integrated into the hydrophobic portion of the bacterial membrane
and cause subsequent bacterial cell death due to the denaturisation of the structural proteins

and enzymes.*®#! In view of this, our results can be said to agree of such findings as we
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have demonstrated the potency of aliphatic quaternary ammonium containing NPs to be

bactericidal at lower MIC values compared to their bulkier counterparts.

6.3. Conclusion

This chapter investigated the effects of NPs with different surface composition on both
artificial cell membrane models immobilised on gold electrodes i.e. tBLM models and Gram-

negative Escherichia coli (E. coli) bacteria cells.

The investigation focusing on the (semi)quantitative penetration behaviour of complex NPs
on tBLM immobilised on gold electrodes using QCM, RESI and EIS techniques, have shown
that the surface functionality of some NPs (bulky, aromatic containing cationic AUNPs; -
NMe2Bz and -NHXyl) did not favour a penetration into artificial lipid membranes. Whereas,
aliphatic containing cationic AUNPs (-NMe;Hexyl and -NHCsNHz) were found to penetrate

the lipid membrane and affect its overall structure.

Our results (RESI and EIS) revealed that although the interaction of -NHXyl functionalised
NPs with lipid membrane induced lipid destabilisation, however this did not cause any
permanent damage to the lipid membrane as the latter showed signs of membrane self-
healing properties. In comparison, —Me;Bz functionalised AuNPs showed signs of NPs
penetration into the lipid membrane upon prolonged interaction. These initial studies using
artificial lipid membranes of neutral overall membrane charge have shown that the surface
chemistry of the NPs can affect the type of interactions with lipid membranes. Following this,
the results obtained using real bacterial cells have revealed that these bulky, aromatic
containing cationic AUNPs generated the highest MIC values thus were least effective at

inhibiting bacterial growth compared to aliphatic containing cationic AUNPS.

Further work would be needed to determine the extent of the bactericidal properties of these
NPs, in terms of any morphological changes induced by their interactions as well as the
ability to be effective against various bacteria, fungi and yeast, thus increasing their potential

uses within the biomedical field as antimicrobial agents.
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7. Conclusions and Future Work

The work carried out in this thesis outlined the investigations of thiol-capped metal
nanoparticles (NPs) and their interactions with lipid membranes. These NPs have found
extensive biomedical applications which include usage as sensing tools in gene therapy, and
delivery of therapeutics to name a few. The thesis specifically investigated the interactions
between thiolated metal NPs (electroactive and non-electroactive ligands), and complex
thiolated polymeric gold nanoparticles (AuNPs) with lipid membranes (artificial lipid models
and biological bacterial cells). The thesis considered how the thiolated metal NPs and complex
thiolated AuNPs interacted with artificial lipid models on the one hand, and how the complex

thiolated AuNPs interacted with biological bacteria cells.

Chapter 4 investigated NP-electrode collision behaviours of thiol-capped metal NPs on gold
electrodes using Resonance Enhanced Surface Impedance (RESI) and Chronoamperometry
(CA) in microfluidic cells setup with integrated electrodes. Factors such as flow rates and
ligand electroactivity were found to have a significant impact on the NP-electrode collision

events.

At low flow rate (5 pL/min), the non-electroactive dodecanethiol (DDT) NPs were found to
agglomerate at the gold electrode surfaces, both techniques detected specific patterns that
were interpreted as either agglomerates or individual particle collision events depending on
the nano-impact sizing characteristics. From the RESI results, we were able to compare the
U-shaped dips generated at slower flow rate (5 pL/min) from NPs colliding at potentiated
electrode surfaces; DDT-AgNPs’s RESI capacitance was at 67 + 2.9 nF of compared to16 nF
for DDT-AUNPs, we concluded that the presence of these U-shaped dips were suggestive of
the detection of clusters of NPs at surface electrode, these clusters consequently disintegrated
following the nano-impact collision events, hence generating U-shaped dips on RESI graphs.
Chronoamperometry (CA) results echoed the RESI results with the detection of broad spikes,

suggestive of large agglomerated particles compared to narrower spikes detected at higher
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flow rate (100 pL/min) which were assigned as the detection of multiple individual NPs as

these impacted on the potentiated electrode surface.

While altering the ligand electroactivity, introducing electroactive ligands w-
ferrocenylhexanethiolate (FCHT) revealed that NP-electrode collision events were generated
under potentiated electrode conditions (oxidising potential for ferrocene). However, due to the
complexity of the electroactive response generated from the modified NPs, nano-impact sizing
could not be derived. Although the RESI capacitance values were of similar to that obtained
for DDT-metal NPs whereby FcHT-AgNPs generated deeper U-shaped dips than FcHT-
AuNPs; 83 + 1.8 nF and 43 £ 0.92 nF respectively. We concluded from these results that both
non- (DDT-stabilised) and electroactive (FcHT-stabilised) AuNPs showed depressed U-
shaped dips compared to AgNPs, we concluded that AUNPs generated minimal signs of NPs
aggregation, possibly due to the AgNPs’ higher propensity to aggregate in compared to

AuNPs. .

Chapter 5 reported the investigation of the penetration behaviour of thiol-capped AuNPs
(electroactive and non-electroactive) through artificial lipid membranes (tethered lipid
membranes on gold working electrodes). We reported the NPs-membrane interactions using
AFM, RESI and electrochemical techniques. The incubation intervals of tethered bilayer lipid
membrane (tBLM) models in NPs solutions resulted in initial NPs adsorption followed by lipid
defects formation for the penetration of NPs through the lipid membrane, eventually leading
to lipid collapse and/or membrane displacement by NPs monolayer. We observed that
increasing the incubation times of tBLM electrodes in FCHT-AuNPs solution was found to
change the curves of the cyclic voltammograms from peak-shaped to sigmoidal-shape, this
also affected the NPs redox activities by supressing the current generated. Such behaviour
was attributed to the changes of the lipid membrane via the formation of membrane defects

or holes due to the increasing incubation time in colloidal solutions.
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The other investigation of the effect of NPs size (FCHT-AuNPs) on NPs-membrane interactions
revealed that small NPs (5 nm) have non-destructive penetration behaviours, though they
were able to penetrate further into the lipid membrane whereas larger NPs (10 and 20 nm)
caused irreversible changes to the lipid membrane, membrane thinning or lipid defect

formation.

Further work from this study could investigate the interactions between electroactive AuNPs
encapsulated in a lipid shell, with bare electrode surface and the NPs interaction with lipid
membranes as tBLM models. Preliminary work on potential controlled penetration of FCHT-
AuNPs was carried out showing great potential (see Appendix 2d-2f). This new approach
using electroactive AUNPs encapsulated in lipid shell would increase the biocompatibility of
the NPs thus they can be used in biological media such as studies involving biological bacterial
cells, and this would enable the investigation of the NPs potency against bacterial cells. This
potential-controlled release system can be useful in many applications that requires

biocompatible conditions.

Chapter 6 investigated the effect of NPs surface charge on NPs-membrane interactions for
different systems (artificial and biological membranes), the NPs under investigations were the
complex thiolated polymeric AuNPs. The investigations revealed that bulky, aromatic cationic
AuNPs were not able to penetrate through artificial tBLM models whilst aliphatic cationic

AuNPs penetrated the lipid membrane and were found to alter the membrane’s architecture.

The study using biological bacterial cells (E. coli) and the MIC technique, concluded that the
bulky, aromatic cationic AUNPs generated the highest MIC values compared to aliphatic
cationic AuNPs; the former NPs contained higher positive charge density and the presence of

aromatic substituents play a role in inhibiting bacterial growth.

Following the work on complex polymeric AUNPs and their interaction with lipid membranes,
future studies could include studies on the immobilisation of bacterial cell membrane on gold

electrode surfaces and the interactions and penetration behaviours of such NPs with bacterial
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lipid membranes. This will enable us to expand our knowledge and understanding of such

interactions.
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Appendix
Appendix 1

Additional data to supplement the characterization of metal NPs (Au and Ag NPs).

Appendix la. Size distribution of thiolated metal NPs.
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A) Optical image of thiolated DDT-metal NPs, B) size distribution of thiolated metal NPs (DDT and
FCHT).

Table Ala. Particle size distribution of metal NPs from TEM sizing.

AuNPs AgNPs
DDT 2809 49+12
FcHT 55+29 8024

Appendix 1b. Theoretical calculation of number of ligands per nanopatrticle.
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Assuming that all particles are completely spherical and using the determined TEM diameter
(D) from Table Ala. The number of metal atoms per NP (N) was determined using the
equation below from Liu et al.l.

N =2 LD
6 M (A1)

The atomic molar mass of the metal (M, Ag = 108 g mol* and Au = 197 g mol*) and the
density of face-centered cubic (fcc) of the metal (o, Ag = 10.5 g cm™= and Au = 19.3 g cm?®).

Table Alb. Determination of the number of atoms and ligands per NP.

Average Average

number of Au number of

atoms Ag atoms

DDT 6.57 x 102 3.6 x 108
FcHT 5.20 x 103 1.6 x 10*

Appendix 1lc. Theoretical calculation of the molar concentration of NPs in the solution
The calculations for the molar concentration of the NPs (C) were adapted from Kalishwaralal
et al.2 using the equation below, assuming that 100% reduction of salt (AgNO3 for AgNPs

and HAuUCI, for AUNPs) to Ag or Au atoms respectively.

C — Nrotal (AZ)
NVN4

The total number of metal atoms added i.e. the initial amount of salt (AgNO; for AgNPs and
HAUCI. for AUNPs) added to the reaction (N1, M), the number of metal atoms per NP
determined from Eq. 3 (N) and the volume of the reaction solution (V, L).

Table Alc. Determination of the molar concentration of NPs.

Molar Molar
concentration concentration
of AUNPs /uM  of AgNPs /uM

DDT 3.38 x 102 1.03 x 102

FcHT 411 3.27

Thiolated metallic nanoparticles and their interactions with lipid membranes 175



Appendix

Further required concentrations were made out from the initial concentration determined
above.
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Appendix 2

Additional data to supplement the chapter on electroactive NPs and their interaction with lipid
membranes (chapter 5).

Appendix 2a. AFM results for the time dependent study of non-electroactive (DDT) AgNPs.
The conclusion from this study revealed a uniform coverage of the membrane on the gold
substrate at t=0 min and after 60 min incubation, uneven peak separations were detected
suggestive of the presence of adsorbed NPs at lipid surface as well as the presence of holes
in the lipid membrane. At t=480 min, clusters of NPs were evident as well as a more
compacted layer with no hole separations suggesting the filling of holes on the lipid membrane
by NPs, this can be interpreted as the replacement of the lipid layer with NPs forming a
monolayer on the gold substrate. Beyond 480 min of incubation, larger clusters of NPs i.e.
agglomerates were detected, we speculate that the replacement of the lipid membrane layer

by NPs monolayer will be more prevalent with increase time of incubation in the NPs solution.
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Time-lapsed study for the incubation of lipid immobilised substrates with DDT-AgNPs; including AFM
images at 0 min, after 60 min and after 480 min incubation in NPs solution. All images are 2 x 2 um.

B) A graph showing the average max. height of NPs on the lipid surface at different incubation times
with the NPs

Appendix 3b. Electrochemical results for the time dependent study of electroactive (FCHT)
AgNPs.

The conclusion from this study revealed that increasing the incubation time increases the
magnitude of the current peak as well as the charge, seen for bo9th Ag and Fc redox peaks.
The attributed the presence of the ferrocene/ferrocinium couple to be due to membrane
defects (holes) caused by over saturation of the lipid membrane with NPs, thus enabling the
electroactive response of Fc moieties to be recorded. This broadening of redox couple peak

and current magnitudes over time were found to be due to the increase in interactions between
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the electroactive centres with each other which also caused the shifts of the peak potentials

to more negative values.
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A) CVs of the SAM-modified gold electrode in 0.1 M KNOs at 60, 240, 840 and 1680 min immersion
times in FHT-AuNPs. Scan rates: 100 mV/s. B) plot of charge per unit electrode (Q) over increased
incubation time period; charge generated by Ag and Fc redox peaks using Q = A/v where area under
the curve (obtained by integration of the oxidation peak curve, A) by the scan rate (v, 100 mV/s).

Appendix 3c. RESI results for penetration behaviour of thiolated AgNPs through lipid
membrane models as a function of NP concentrations.

Penetration of DDT-AgNPs through SAM models at different concentrations revealed different
penetration behaviour whereby lower NPs concentration generated deeper NP penetration

wells and for longer time and higher NPs concentration generated fewer NP penetration wells.
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Change in RESI capacitance with DDT-AgNPs injection over time as a function of NPs concentrations
in 0.1 M KNOs at 5 pL/min flow rate; NPs penetration through SAM-modified gold sensors and the
penetration mechanisms over the experiment duration.

Appendix 2d. RESI results for penetration behaviour of FCHT-AuNPs through tBLM models
during potential controlled experiments.

The conclusion from this study revealed that back to back changes of the potential of the lipid
membrane; +0.4 V to induce oxidation and -0.1 V reduction of the Fc ligands on the AuNPs.
The results generated suggested that at positive potential hold, Fc oxidation was promoted
thus the change in surface charge of the NPs enabled NPs penetration into the lipid membrane
but for a brief period due to the same positive charges acting on the NPs and the lipid
membrane. Through at open circuit potential, NPs penetration was also evident however this

was far penetration lasted longer compared to that at potentiated lipid membrane.
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Change in RESI capacitance with FCHT-AuNPSs injection over time as a function of potential controlled
penetration through tBLM models on gold sensors; a running electrolyte solution of 20 mM PBS at a
set flow rate of 5 pL/min.

Appendix 2e. Electrochemical results for penetration behavior of FCHT-AuNPs through SAM
and tBLM models.

Oxidation peaks are seen for SAM penetration, but these were suppressed for tBLM at -0.1 V
applied potential, such peaks were evidence of electron transfer at electrode surface as the
NPs penetrate through the lipid membrane; the 2 peaks observed were suggested to be from
the Au metal core (-0.076 V) and Fc couple (+0.362 V). The immersion of the lipid models in
FcHT-AuNPs at potentiated electrodes suggested possible penetration of the NPs through the
membrane but the neutral state of the ligand at negative potential hold enabled the NPs to
remain in the lipid membrane thus producing redox peaks. Similarly to the RESI results at
positive potential, brief penetration was recorded seen in DPVs as suppressed peaks near the

potentials for the SAM redox peaks.
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DPVs of the electrochemical response of lipid modified gold electrodes after incubation in FCHT-AuNPs
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Appendix 2f. RESI results for penetration behavior of thiolated AuNPs through tBLM models.

FcHT ligands are more hydrophobic than DDT ligands therefore FCHT responses revealed

penetration well that was deeper than that for the DDT. Similarities in the penetration behavior

was identified in the non-disruptive penetration behavior of both systems as the lipid

membrane recovered to its initial RESI capacitance values after NPs repulsion.
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Appendix 3

Additional data to the complex polymeric AuNPs and their interactions with lipid membranes

chapter (chapter 6).
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Appendix

Chemical S ,

shift (ppm) Multiplicity Assignments
3.878 singlet Au-S-CH3-(CHz2)9-CH2-(O-CH2-CHz2)4-N*-[(CH3s)2]-(CH2)s-CHs
1.275 singlet Au-S-CH2-(CH3)e-CH2-(O-CH2-CH2)4-N*-[(CH3)2]-(CH2)s-CH3
3.308;
3.387; multiplet | Au-S-CH2-(CHz)e-CH2-(O-CH2-CH3)a-N*-[(CH3)2]-(CH2)s-CHs

3.524; 3.603
3.082 singlet Au-S-CH2-(CHz2)e-CH2-(O-CH2-CHz2)4-N*-[(CHz3)2]-(CH2)5-CHz3
1.707 singlet Au-S-CH2-(CHz)e-CH2-(O-CH2-CHz)4-N*-[(CH3)2]-(CH>)s-CHs
0.852 doublet AuU-S-CH2-(CH2)e-CH2-(O-CH2-CH2)4-N*-[(CHz3)2]-(CH2)s5-CH3

Proton Chemical Shift Assignments for AuC1: TEGNMezHexyl
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1H NMR of AuC11TEGNHCsNH2 with chemical structure.

Chemical S .
shift (ppm) Multiplicity Assignments
3.625 doublet AU-S-CH3-(CH2)9-CH2-(O-CH2-CHz)4-N*[H2]-CH2-(CH2)4-CH2-NH2
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singlet | Au-S-CHz-(CHz)s-CH2-(O-CHa-CHz)a-N*[H2]-CHa-(CHz)a-CHz-NH>
singlet | Au-S-CHz-(CH2)s-CH2-(O-CH:-CHa)a-N*[H2]-CHz-(CHz)4-CHz-NH>
singlet | Au-S-CHz-(CHz)s-CHz-(O-CHa-CHz)a-N*[H2]-CHa-(CH2)a-CHa-NH,
singlet | Au-S-CHz-(CHz2)s-CH2-(O-CH2-CHz)a-N*[H2]-C'.-(CH2)a-CHz-NH>

Proton Chemical Shift Assignments for AUC1: TEGNHCsNH:2
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1H NMR of AuC11.TEGNMez2Benzene with chemical structure.
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Appendix 4

Additional studies on microgripper that were carried out throughout the research period. The
objectives of this work stream were to fabricate microgrippers that can be used as
microelectrode. On one gripper arm, a gold microelectrode was incorporated onto the design
thus can be used for electrochemical studies as the working electrode. These gold electrode
arms were to be immobilised with ferrocene moieties; simple self-assembled monolayers
made up of ferrocene thiol molecules and more complex monolayer of ferrocene-capped
nanoparticles adsorbed on the surface of the gold electrode.

Appendix 4a. The fabrication of microgrippers on silicon wafers was carried out by
photolithography in clean room facilities and their characterisation using CV.

Near sigmoidal shapes of the CV responses for all scan rates were rescored as evidence of
hemispherical (radial) diffusion layer as the amount of ferrocene moieties diffusing at the
electrode surface being defined by the expanding hemisphere. The results show that the scan
rate does not affect the current value; the steady-state current is independent of the scan rate

thus suggesting good microelectrode behaviour of the device.
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Images of silicon wafer A) before XeF: etching, B) after XeF2 etching, C) image of microgripper after
mounting on a PBC, D) microgripper arms after the release from silicon wafer and E) CV responses of
microgripper immersed in electrolyte solution mixture of 0.05 M KsFe(CN)s and 0.25 M PBS at
different scan rates.
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Appendix 4b. Issues encountered during the fabrication of microgrippers and new approach
undertaken to overcome the problems.

The electroplating step of the fabrication of the microgrippers was identified to be the cause
of poor-quality devices, the gold electroplating solution was sent to be analysed to the
manufacturer company and it was reported that the solution was contaminated. Alternative
option was to bypass the electroplating step yet retain the electrode arm on the grippers. Some
samples showed that the evaporated metal film was unable to be fully removed even after 24
hr immersion in acetone and other samples even after successful lift-off of the gold layer, the
electrode arm did not survive. After reviewing the progress of this work-stream, it was advised
to discontinue the microgripper study as these did not produce positive results and use instead

commercially available electrodes.

Images showing the wafers after electroplating steps A) whole wafer, B) zoomed image of an
electrode arm, images of substrates after lift-off processes; C) after immersion in acetone and D) after
gripper tip release.
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