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Abstract

Cell membrane models are highly sought after to depict a realistic representation of the
behaviour of the bilayer lipid membrane without the complexity of the living membrane.
Biomimetic models can be used to understand the dynamic processes at the cell membrane of
a cell, such as drug permeability, membrane signalling, and protein-membrane interactions

across biology.

This thesis examines the impact of both substrate fabrication method and self-assembled
monolayer (SAMs) identity on the stability of microcavity array supported lipid bilayer, on two
separate microcavity array platforms. The presented study investigates the gold
electrochemically deposited microcavity arrays and their capacity, after aqueous filling to
support lipid bilayer membranes using lipid bilayer assembly methods previously reported. The
impact of SAMs with varying end termini at two different types of microcavity array platforms
on membrane stability was examined. Membrane stability was explored using electrochemical
impedance spectroscopy (EIS) while membrane presence and formation was confirmed using
Raman spectroscopy and cyclic voltammetry (CV).

Chapter 1 gives a background to the thesis. The chapter introduces SAMs, describes their basic
properties and the impact they can exert on a metal interface and then discusses the different
types of cell membrane models currently applied. It also covers the electrochemical methods
used in this thesis to assess monolayer assembly and the lipid bilayers. Limitations of the

current models are described with respect to stability.
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Chapter 2 investigates the use of SAM with differing end termini on polystyrene sphere
templated electrochemically deposited microcavity array supported lipid bilayer (MSLB).
Fabrication methods are described for electrochemically mesopore arrays and their
functionalisation with 6-mercapto-1-hexanol, hydroxyl-terminated polyethylene glycol (PEG)
thiol and 6-mercaptohexanoic acid SAMs using microcontact printing (LCP). These modified
arrays were investigated as whether they could support stable lipid bilayers prepared using the
Langmuir-Blodgett method to form the first monolayers followed by vesical disruption to form
a lipid bilayer.

In Chapter 3, an alternative microcavity array platform was fabricated using a two-photon
polymerisation technique and its ability to support a lipid bilayer was examined as a function
of SAM support using UCP as a functionalisation method. DOPC membranes were
successfully spanned across a microcavity array platform through puCP using the same SAMs
used in chapter 2.

Overall, this thesis demonstrates a new way to selectively modify the top surface of the gold
cavity arrays using different types of substrates using 6-mercapto-1-hexanol, hydroxyl
terminated PEG thiol and 6-mercaptohexanoic acid. Through EIS the stability of lipid bilayers
on MSLBs using different SAMs with different end terminus on both was assessed on both
sphere lithography electrochemically deposited and two-photon polymerisation fabricated

microcavity arrays.
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SAM - Self-assemble monolayer

SERS — Surface enhanced raman spectroscopy

SLB — Supported lipid bilayer

STM - Scanning tunnelling microscopy

SUV — Small unilamellar vesicles

THF — Tetrahydrofuran

ToF-SIMS — Time of flight Secondary lon Mass Spectrometry
UV — Ultraviolet

XPS — X-ray Photoelectron Spectroscopy



Chapter 1: Introduction



1.1 Self-Assembled Monolayers

Microcavity supported lipid bilayers (MSLBs), figure 1.1 have emerged in recent years as very
valuable models of the cell membrane, possessing the fluidity of a liposome with the versatility
and addressability of solid supported lipid bilayer (SLB). Firstly, this research compares
solution deposition and microcontact printing (UCP) methods as functionalisation methods of
self-assemble monolayer (SAM) deposition methods. Different SAM end termini were assessed
for supporting lipid membranes on two different substrates using cyclic voltammetry followed
by SAM and lipid membrane stability on microcavity array platforms, using electrochemical

impedance spectroscopy (EIS).

Figure 1.1: Representation of a lipid membrane supported on a microcavity array platform.

SAMs are ordered molecular assemblies formed through the adsorption of a surface active
molecule on a solid surface. SAM assemblies are formed spontaneously onto a substrate
through adsorption to form ordered domains.! Most commonly, SAMs are prepared using thiol
derivatives adsorbed at a metallic substrate such as gold, silver and other non-precious metals.
Gold is the most investigated metallic substrate for SAMs having elevated affinity for thiols
leading to stable SAMs from days to weeks with a bond energy between gold and thiol (H2S)

being 19.98 KJ/ mol, while between silver and thiol (H2S) is 7.98 KJ/ mol.?3



The preparation of thiol-layers on gold is straightforward as SAM formation occurs
spontaneously through adsorption from either the vapor or liquid phase.

SAMs have been used for pattering purpose by using different techniques such as micro contact
printing (LCP), scanning probe lithography and photo-induced pattering. uCP is a low-cost
process for producing a SAM and can be applied as a pattern with a submicrometer lateral
dimensions.*

SAMs have most commonly been assembled on silver, copper, platinum, palladium, and nickel
surfaces. Nickel, silver, and copper surfaces can be easily oxidized, but this can be controlled
by the use of self-absorbing monolayers. Gold metal surfaces adsorb sulfides (R-S-R),

disulfides (R-S-S-R), and thiol groups (R-SH) because of their sulfur donor atoms.

There are several examples of surface active agent interactions which include gold-thiol
monolayers, due to formation of the strong S—Au bond. Commonly studied monolayers
comprise selenols on silver, alkyl phosphonates on zirconium, fatty acids on metal oxide
surfaces and alky! trichlorosilane layers on hydroxylated surfaces.’> The adsorbed monolayer
formation is further stabilized and orientated by self-assembly which occurs as the side chains
or backbone such as the methylene groups coupled laterally through Van der Waals
interactions.®

Ulman examined the adsorption kinetics of thiol to gold surfaces.® Physisorption was found to
occur and spontaneously in the assembly of alkanethiols on Au(111) substrate via Van der
Waals interactions. After physisorption in equation 1.1, the thiol head group is chemisorbed
onto the gold surface via the sulfur head group (Au-S). The Au-S bonds can hinder the transition
from the molecular orientation adsorbed horizontally to a vertical orientation, particularly for

short dithiols, that have lower energy to gain from chain—chain interactions.’



CH3(CH2)nSH + Au——— (CH3(CH2)nSH)Au (Physisorption)
(CH3(CH2)sSH)AU—> Au-CH2(CH2)nS-Au + 1/2H; (Chemisorption)

Equation 1.1

For the two distinct steps that occur in the alkanethiol-gold process, the initial fast adsorption
step, takes just a few minutes and the assembly process is much slower, taking several hours.
The first stage comprises of the rapid adsorption of thiol to the edge and corner sites of gold
surfaces, resulting in surface Au-Au bond length relaxation and distinct gold-to-ligand charge
transfer. The second step which is much slower could be described by the Langmuir Kinetics

equation.®

Numerous factors, including temperature and solvent can affect kinetics of SAM formation.
For the solution deposition method, Rozlosnik et al. changed the solvent polarity and the
concentration of octadecyl trichlorosilane (OTS). He discovered that the use of OTS in heptane
as a solvent encourages full-coverage self-assembled monolayer on hydrophilic silicon oxide
over a broad range of concentrations (25 M to 2.5 mM) and humidities. AFM, X-ray
reflectometry, and ellipsometry were used to analyse the self-assembled layers that resulted in

multi-layered films resulting from the deposition of OTS from dodecane solutions.

Through the use of heptane as a solvent, on the other hand, resulted in the creation of high-
quality monolayers. It was discovered that the influence of solvents (dodecane and heptane)
and conditions on the formation of OTS layers on Si/SiO, surfaces was consistent and
repeatable.® Other factors include the structure and concentration of adsorbent, which affect
SAM surface coverage and the substrate cleanliness, affecting the overall kinetics of SAM
formation. Initially, sulphur from the alkanethiol binds to the gold substrate, the alkyl chain sits

at an angle from the headgroup to that of the gold surface.



The angle is dependent on various factors such as the packing density on the substrate surface,
the alkanethiol head group, and the interactions between the chains themselves. The degree of

freedom on the molecular backbone changes its conformation.°

1.2 Surface functionalisation

The traditional and most common methods of surface functionalisation of a metal surface by
alkane thiols is through solution deposition which involves placing gold or gold-coated
substrate in a solution, typically an alcohol, containing the adsorbate alkanethiol, overnight.”®
Deposition concentrations vary across reports but are usually between 1 mM and 1 uM and
deposition times typically run from 12 to 24 hours. An alternative method for adsorption which
is much faster, and offers the opportunity for patterning is microcontact printing uCP as well

as that the adsorption from a gas phase in ultrahigh vacuum.!

The uCP technique involves using a polydimethylsiloxane (PDMS) template to form patterns
of SAMs on the surface on the substrate. The stamp is ‘inked’ with a solution of an alkanethiol
in ethanol, and is dried prior to being brought into contact with gold substrates as seen in figure

1.2.
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Figure 1.2: Diagram representation of the uCP process.'?

MCP is used to produce a hydrophilic polydopamine (PDA) pattern with micrometre resolution.
A compact PDA thin film is first developed on the hydrophobic surface during uCP. The PDA-
coated surface is put in contact with an active PDMS stamp. After the removal of the PDMS,

the hydrophobic surface has a PDA pattern that is analogous to the stamp.®

Yalcintas et al. describes the use of uCP method for producing liquid gallium alloy—based soft
and bendable electronics in a repeatable manner. Integrating liquid metals (LM) into an
elastomer matrix is one of the most popular ways to produce soft and bendable electronics. A
variety of parameters affect SAM formation including deposition concentration and the
duration of contact of the substrate with the gold surface.®%® The movement from the substrate

to the gold surface comprises an initial diffusion of thiols to the gold interface.



The diffusion of the thiols from the edges of the substrate across the gold surface is followed
by the vapor transport through the gas phase. However, each of these mechanisms that form

SAMs, either through contact with the substrate, or not, is not entirely understood.*®

1.3 Physiochemical Characterisation of the SAMs

Adsorption of a molecular monolayer at a substrate’s interface can profoundly alter the
physicochemical properties of that interface. The affected parameters include
hydrophobicity/hydrophilicity, wettability, charge, electrochemical resistance and refractive
index. The SAM packing density controls the surface hydrophobicity rather than the chain
length.* The impact of packing on the surface hydrophobicity is directly associated with the
alternation of the chain flexibility and surface roughness. Few SAMs are completely
continuous, there are usually microscopic/nanoscopic areas where SAMs fail to form and these
are known as pinholes or as defects. The surface roughness of the underlying substrate can play
a role in the extent to which these regions of discontinuity occur. As pinhole or defect allow
electrolyte to the electrode surface, they can be interrogated electrochemically and can for
example be observed as in an increase in the capacitive current. Figure 1.3 shows commonly

reported SAMSs with varying headgroups, chain structures, and end groups.*®
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Figure 1.3: Frequently used compounds for SAMs with differing headgroups, chain

structure, and end groups.®

In this thesis, two hydroxyl terminated functional groups, and carboxylic acid terminated
functional group are assessed to improve the stability of lipid molecules on two differing gold
substrates. They are employed with these functionalities as a hydrophilic interfaces is required

to support a bilayer with proper orientation where the hydrophilic interface orients outward

with a hydrophobic core.



The physiochemical properties of alkanethiol-based SAMs have been studied on a variety of

substrates; for instance, Laibinis et al. compared alkanethiolated SAMs formations on gold,

silver, and copper substrates. It was found that substrates impacted the physicochemical

properties of the films having varying angles of orientation, for instance silver and copper has

~ 13° on gold having ~ 28°.1 The tilt angle, a, governs the orientation of molecules of the

linear backbone relative to the surface and 3, which is the angle of rotation can range between

0°-90° which the long axis of molecules can rotate.!” As seen in table 1.1, alkanethiols on gold

surfaces have a tilt angle close to that of 30° with an average angle of rotation close to 50°.

Dependent on the substrate and the headgroup packing density, the average spacing between

the hexagonal gold lattice surface and the alkanethiols is 5. 0 A.

Table 1.1: (A) schematic representation of the tilt angle, a, to the surface with the angle of

rotation 3, to the surface. (B) demonstration of how the backbone changes the

conformational shape of the individual molecule and o and . (C) change in o and § contact

angle for the alkanethiols depending on the substrate.*8

c) Molecular Constituent of SAM

Substrate

Cant
Angle
()

Chain/Plane Characterization

Rotation
®

Method

Reference

; n-alkanethiols

Substrate |

H
%

Au(111)
Au(100)
Ag

Cu
Pd
Pt

Hg

GaAs(100)
InP(100)

28°
14°
11-14°
13£2°
15°

57+3°
55+6°

53°
700
450
4416°
45°

45°
45°
n.a.
na.
na.
45+5°
n.a.

RAIRS

RAIRS

RAIRS

RAIRS
Surface Raman
Scattering

X-ray scattering
Electrochemistry
RAIRS

XPS

H  THS(CH,),OH

Ag

Cu

5£5°

5+5°

na.

n.a.

Raman
Spectroscopy
Raman
Spectroscopy

HS@

Au(111)

Ag(111)

49+5°

2445°

32°

32°

NEXAFS

NEXAFS

288

288

w0~

Number of CH, = Even | | Number of CH, = 0dd |

Au(111)

Ag(111)

15+5°
2345°
18+5°

na.
32°
32°

NEXAFS
NEXAFS
NEXAFS

289
288
288




In a close-packed monolayer, the hydrophilicity and wettability of the interface is most strongly
influenced by terminal functional groups. Common terminals include ether, alcohol, halides,
aldehyde, amide, nitrile, amine, ester, and carboxylic acids can be applied to modulate

surface wettability, monolayers can be altered to have aromatics and amide structures.*’'® The
impact of functional groups on surface wettability has been studied in detail by Tamada, and Lee. In
their study contact angles of 102.78° + 2.66° were found for -CHjs surfaces.'*?° SAMs with -NH>
and COOH end terminus was found to have contact angles of 68.88° £ 3.64° and 50.13° + 1.69°,
respectively. Work carried out by Yadav found that AA indicated the hydrophobicity of a SAM

surface where higher A4 values indicated a non-hydrophobic surface.!6:20:2

1.4 Applications of Self-Assembled Monolayers

SAM formation on metal surfaces not only has importance in the nano sciences through their
study of interfacial phenomena but also broader industrial and commercial applications in
promoting corrosion resistance, solar energy, control of wetting and adhesion, bio
compatibility, molecular recognition, and sensitization for sensors.?>?32* Examples of their use
in controlling interfacial phenomena include control of charge transfer through molecules.
Controlled electron transfer is important for a wide range of devices including transistors and

photosynthesis and cell immobilisation.?>2

Through their high performance and relative ease of processing as compared to traditional
silicon solar cells, dye-sensitized solar cells have sparked recent interest. However, the high
cost of platinum for counter electrodes, as well as the high cost and poor throughput of the
sputtering technique, have rendered large-scale dye sensitised solar cell development

impractical.

10



Carbon nanotubes and graphene have been tried as counter electrodes, but their poorer
conductivity and catalytic behaviour resulted in a lower energy transfer rate as compared to the
sputtered platinum electrode.?” However, as opposed to the sputtered platinum electrode, these
self-assembled monolayer based counter electrodes have been used with a fraction of the cost
of platinum, and the fabrication process can be upgraded, allowing for cost-effective
manufacturing of dye sensitised solar cells.?® The current-voltage properties of alkanethiols
sandwiched between gold electrodes were investigated by Wang et al. and they were able to
differentiate between tunnelling and hopping systems by observing the temperature

dependency of the current-voltage relationship.?®

SAMs have shown potential as a biodetection platforms. Spampinato et al. for instance have
functionalised both planar gold and gold nanoparticles with 1-3-D-thio-glucose for the specific
detection of maltose binding protein. Time of flight Secondary lon Mass Spectrometry
(ToFSIMS), Principal Component Analysis (PCA) and X-ray Photoelectron Spectroscopy
(XPS) have been used to characterise the surface chemistry of gold substrates both before and
after functionalisation with thiol-modified glucose self-assembled monolayers.*® SAMs can
offer the opportunity to provide specific ligands from which biomolecules such as cells can
bind onto or act as blocking agents for protein adsorption. For instance, mixed SAMs composed
of a SAM forming molecule and a ligand-presenting molecule can affect the ligand

accessibility and, therefore, affect protein interaction.3!
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1.5 Introduction into Model Lipid Bilayers

The lipid bilayer is a selectively permeable barrier that mediates the exchange of materials
between the cell's inner and outer environment. The plasma membrane depicted in figure 1.4,
acts as a scaffold for the cell, allowing biochemical reactions to occur, transport of materials
along with intercellular signalling.® Lipid membranes are 6-10 nm in thickness and contain a
matrix of phospholipids, sphingolipids, and sterols with about 50% by weight protein. The lipid
membrane is an amphiphilic membrane comprised of two layers of lipid molecules containing
a hydrophilic, polar phosphate head group and two hydrophobic nonpolar tail groups derived
from fatty acids. The tails can differ in length (normally between 14 and 24 carbon atoms) and
can also vary in level of saturation. The lipid bilayers (LB) is the barrier that keeps cell contents
such as proteins and cell nutrients within the cell. Lipids, proteins, and carbohydrate are the

main components of a cell membrane: fluidic structures that surround every cell.

EXTRACELLULAR FLUID

Integral (transmembrane) proteins Peripheral proteins (mmﬁ::?n:s)

CYTOPLASM

© 2011 Person Education, Inc

Figure 1.4: Structure of the plasma membrane comprising of a phospholipid bilayer with
carbohydrates, embedded proteins, glycolipids, glycoproteins.
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Lipid membrane associated proteins can be categorised into integral, transmembrane and
peripheral proteins. Integral membrane protein, are proteins that are integrated into the
membrane either partly or transmembrane proteins which extend from one side of the
membrane to the other.3* The domains of integral membrane proteins that span the membrane
are hydrophobic in nature while those exposed to the cytoplasm tend to be hydrophilic in
nature. Peripheral membrane proteins can be attached to either phospholipids or integral

proteins and are found on both the outside and inside of membrane surface.*

Carbohydrates are generally found on the outside surface of cells and are bound to either lipids
forming glycolipids or to proteins forming glycoproteins. These carbohydrate chains can range
between 2 - 60 monosaccharide units forming distinctive cellular markers.®® Cholesterol
molecules orient themselves within the bilayer with their hydroxyl groups orientated towards
the polar head groups of the phospholipid molecules. The permeability of the bilayer to small
molecules is decreased through decreasing the mobility of the CH> groups closest to the polar
head groups. A change in cholesterol molar ratio within a cell membrane can have a significant
impact on the membranes permeability. A typical DOPC membrane composed of a choline
head groups and glycerophosphoric acid along with fatty acids. can have 5 - 6 orders of

magnitude higher permeability than realistic lipid composition.

Membrane fluidity refers to the viscosity of the lipid bilayer of a cell membrane. The packing
of the lipids affect its overall fluidity, the diffusion of proteins and other bio-molecules within
the membrane. Membrane fluidity is influenced by fatty acid identity and specifically whether
fatty acids are saturated or unsaturated. The absence of double bonds in saturated fatty acids
decreases the membranes overall fluidity. Unsaturated fatty acids have at least one double bond

increasing the membranes overall fluidity.%

13



As the temperature decreases, the overall phospholipid bilayer fluidity decreases due to the
phospholipids clustering more closely together. Conversely at high temperatures, membrane
fluidity increases as phospholipids have enough kinetic energy to overcome the intermolecular

forces holding the membrane together.%

Phosphatidylethanolamine, phosphatidylserine, sphingomyelin, and phosphatidylcholine are
the four main phospholipids present in plasma membranes, responsible for more than half of
the lipid in certain membranes.?® The phospholipids are distributed asymmetrically between
the membrane bilayer's two parts. The outer leaflet of the plasma membrane is mostly made up
of sphingomyelin and phosphatidylcholine, whereas the inner leaflet is mostly made up of

phosphatidylserine and phosphatidylethanolamine, as seen in figure 1.5.%7

GSL

PC

Outer leaflet bs

”mi Exofacial
tﬁ o %

PC - Phosphatldylchollne SM - Sphingomyelin
PE - Phosphatidylethanolamine PS - Phosphatidylserine
GSL - Glycosphingolipid

Inner leaflet

Figure 1.5: Representation of lipid asymmetry in lipid membranes.®
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Phosphatidylinositol, a sixth phospholipid, is also contained in the inner half of the plasma
membrane. While phosphatidylinositol is a small aspect of the membrane, it plays a critical
role in cell signalling. Both phosphatidylinositol and phosphatidylserine have negatively
charged head groups, so their prevalence in the inner leaflet resulted in a net negative charge

on the plasma membrane's cytosolic face.*

Proteins are responsible for carrying out various membrane functions, while lipids are the basic
structural components of membranes. Most plasma membranes are about 50% lipid and 50%
protein by weight, with glycolipid and glycoprotein carbohydrate portions responsible for 5 to
10% of the membrane mass. This percentage correlates to around one protein molecule for
every 50 to 100 lipid molecules, due to the fact that proteins are much bigger than lipids.*°

The fluid mosaic model of membrane structure suggested by Jonathan Singer and Garth
Nicolson in 1972, is now commonly accepted as the fundamental framework for the
arrangement of all biological membranes and are described as two-dimensional fluids in which

proteins are incorporated into lipid bilayers in this model.**4?

1.5.1 Membrane models

Table 1.2 describes different model membrane systems that offer invaluable insight into
membrane behaviour including understanding drug interactions with complex membrane
proteins away from the very great complexity of the living cell.** Demand for such information
has led to many membrane models, including; black lipid membranes, supported lipid bilayer

membrane, hybrid lipid membrane, air-stable lipid bilayer membrane, and many more. 4454647
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Table 1.2: Description of model membrane systems.3*

Model System Descrintion Surface-Sensitive Electrical Membrane Air
y P Characterization Sealing Proteins Stability

Lipid vesicles Dresly dlffu.smg veRicles ; No Yes Yes No
Suspended in aqueous solution

Black lipid Lipid bilayer spans an open No Ves Ves No

Membrane aperture

S}Jpported lipid Two—.dlmenswnal l.1p1d bilayer Yes - No Yes

bilayer physisorbed on solid support

T.ethered lipid Plapar bilayer nnmoblhze?d on et o Yos Vo

bilayer solid support or soft cushion

Intact vesicle Laye.r of intact Ves%cle Ves No Ves No

layer physisorbed on solid support

Tethered Intz.lct vesicles umnoblllz.ed to ek N Yes No

vesicles solid support or planar bilayer

1.5.2 Lipid Vesicles

The liposome was one of the first cell membrane models and was developed by Dr. Alec
Bangham as he imaged gram-negative stained phospholipids using an electron microscope in
1964.%8 A liposome, as seen in figure 1.6 are artificial vesicles consisting of bilayer membranes.
Liposomes offer promising possibilities for drug delivery systems due to their size and
hydrophobic and hydrophilic character. The properties of the liposome differ considerably with

composition, size, surface charge and preparation method.*

Agueous
media

Hydrophobic
portion

Phospholipid
bilayer

Hydrophilic
portion

Figure 1.6: Representation of a liposome structure.>
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The size of the liposome can vary from 0.025um to 2.5um vesicles. On the basis of size and
number of bilayers, liposomes can be categorised into two categories: (1) multilamellar
vesicles (MLV) and (2) unilamellar vesicles. In unilamellar vesicles, vesicles can be classified
into (1) large unilamellar vesicles (LUV) and (2) small unilamellar vesicles (SUVs).>! The
vesicles in unilamellar liposomes have a single phospholipid bilayer sphere while multilamellar

liposomes vesicles typically have several unilamellar vesicles formed inside one another.

The preparation of the liposome involves the hydration of dried lipids in a polar solvent, usually
water, on a glass surface to form vesicles spontaneously. Multilamellar vesicles (MLV’s)
which are vesicles ranging from 0.2 - 50 um are not ideal cell membrane models due to their
lack of biomimicry in multilamellar structure size which prevents molecular binding within the
inner leaflet of the bilayer. To achieve MLV’s of 20 - 50 nm require extensive sonication and

extrusion through a defined pore size polycarbonate filter.

Small unilamellar vesicles (SUVs) are uniform with a single bilayer. They are are 50 to 100nm
in size. SUVs are formed through sonication or through extrusion through polycarbonate
membranes, of MLV. SUVs which are asymmetric in composition can show some variability
in size from the extrusion process or sonication.>® Alternatively, liposomes can be formed
through their rehydration in the presence of an alternating current (AC) electric field. This
method results in larger liposomes with a diameter of 10 to 100 pm, known as giant unilamellar
vesicles (GUV’s).%® These vesicles have proven useful for monitoring lipid dynamics,

membrane fusion, lipid raft formations in addition to protein behavior.54555¢
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Similarly, Bhuvana et al. used 3-mercaptopropionic acid immobilized on 2-dioleoyl-sn-
glycerol-3-phosphoethanolamine (DOPE) liposome onto gold nanoparticles and assessed for
DNA sensing applications using EIS.5”58 However, the liposomes lacked stability on electrode
surfaces, which prevented EIS analysis over longer periods. The large size of GUVSs makes
them amenable to optical imaging but they are usually limited only to fluorescence experiments

and imaging techniques due to stability at their interfaces.

1.5.3 Black Lipid Membranes

Black Lipid Membranes (BLM) was first mentioned by Mueller in 1962. These compositions
consist of a lipid bilayer, which comprises of a thick annulus that forms across an open pore
and the microlens, figure 1.7. As BLM bilayers are only a few nanometres in thickness, it leads
them to appear black or grey in optical images. The surface tension required to form these
bilayers do not enable long-term stability and only allows the fusion of transmembrane proteins
for a very short lift time of approximately 1 hr. Unfortunately, BLMSs' retention of solvents and

short lifetime make them limited in their applications in studying protein interactions. >

- "™
'.........................

Figure 1.7: Schematic representation of a black lipid membrane.
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1.5.4 Single Lipid Bilayers

The deposition of lipid bilayers onto a planar solid surface results in single lipid bilayers (SLB).
This method has proven to be more stable than BLMs, but it requires hydrophilic, smooth, and
clean surfaces.®® The three techniques used to create SLBs are seen in figure 1.8. The first
method involves using the Langmuir-Blodgett trough in which amphiphilic molecules are
transferred from the air/water interface to the substrate. The lower lipid bilayer layer is created
through the Langmuir-Blodgett method, while the second layer is created using the Langmuir-
Schaefer method. This method is ideal for making asymmetric bilayers; however, the exposure
to air in this method makes it unsuitable for incorporating transmembrane proteins. The second
method involves the use of small unilaminar vesicles which involves the adsorption of
unilaminar vesicles to the surface of the substrate. In this method, the vesicles form a planar
supported bilayer by vesicle fusion. The bilayers' quality depends on the vesicle size,
roughness, surface charge, ionic strength, solution pH, and osmotic pressure. One method of
lipid membrane preparation involves the sonication, and the ultracentrifugation of the liquid
suspension, with the other method involves the extrusion of the vesicles through a porous
polycarbonate membrane using high pressure. The third method involves combining the first
and second methods where a monolayer is formed by using the Langmuir-Blodgett trough and
vesicle fusion. This method allows the formation of asymmetric bilayer with transmembrane

proteins.>*
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Figure 1.8: Schematic of forming supported lipid bilayers include (a) The Langmuir-
Blodgett/Langmuir-Schafer method: initial deposition of a lipid monolayer on the substrate

using the Langmuir-Blodgett method. Followed by the formation of a second layer by
horizontally dipping the substrate using the Langmuir-Schafer method (b) The vesicle fusion
method: it involves the addition of unilamellar vesicles to a hydrophilic substrate and results
in the formation of a lipid bilayer (c) Langmuir-Blodgett/Vesicle fusion method: it involves

the deposition of a monolayer in the substrate using the Langmuir-Blodgett method followed
by the addition of unilamellar vesicles which fuse and forms the bilayer.>

1.5.5 Modified Supported Lipid Bilayers (SLBs)

Stability is the fundamental quality of SLBs compared to other models, although a drawback
is that SLB membrane interaction with substrates can affect the natural diffusion of membrane
and any inserted proteins. These interactions between the substrate and the membrane seriously
limit the application of SLBs due to lack of space below the membrane and also through direct
surface interactions that can lead to the denaturation or inactivation of protein.®® Therefore
there is a particular interest in increasing the distance between the membrane and the substrate
so that these frictional interactions do not occur. For instance, a dimyristoyl

phosphatidylcholine bilayer on a Dextran substrate was found to be stable for seven days.*
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Polymer cushions, as seen in figure 1.9, have been successful in distancing the bilayer from the
substrate; however, interactions between the bilayer and the cushion have shown to cause

issues similar to an unmodified supported lipid bilayer array with respect to diffusion rates.?
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Figure 1.9: Polymer cushioned supported lipid bilayer.%®

The modification of substrates by thiols allows the self-assembly of lipids on gold surfaces and
increases the distance between the bilayer and the substrate while reducing their frictional
interactions.®* The introduction of pore-supported lipid bilayers allowed the natural protein
interactions and diffusion to occur on freestanding bilayers which do not have contact with the

substrate.%>66

1.6 Introduction to Gold arrays supported lipid bilayers

Microcavity array substrates at the micro and nano scale have been developed for sensing
applications, surface-enhanced spectroscopy and photonics.5”%8% This project builds upon the
use of microcavity arrays to build upon lipid membranes that span across a cavity providing a

aqueous interface on both sides of the membrane using different SAMs end termini.
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There are several methods to build nanostructured arrays, such as porous alumina templates,
electron beam lithography, nanoimprint lithography, and nanosphere lithography. Murphy et
al. for instance used porous alumina oxide bound to a glass substrate and through
electrodepositing of gold nanorods into pores were able to produce gold coaxial rod-tube
nanocavities.”” NaOH was used to etch around the rods where the rod's deposition took place,
followed by a second treatment of NaOH and additional deposition of gold as seen in figure
1.10. Both the height and diameter of the rods are controlled via both the etching and

electrodepositing time.

(a) (b) (c)
AAO
=2 =3
Ao
Aluminum is Barrier layer is etched The pores are
anodized to leave and gold is deposited chemically widened
nanoporous alumima into the pores with NaOH
(d) (e) (f)
The actl.ve p'olymer is ) The pores: are. Gold is deposited into
deposited into the widened again using the shell
widened pores NaOH

Figure 1.10: Fabrication of gold nanocavities using porous alumina.”
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Bartlett et al. also used the electrodeposition of gold under potentiostatic conditions at - 0.95
V using a saturated calomel reference electrode to fabricate cavities with diameters of 210 nm
on lyotropic liquid crystalline phase templates and diameters of 20 - 1000 nm on colloidal
crystalline templates. Bartlett et al. was able to apply his arrays for sensor application in energy
storage and conversion, catalysis, and electroanalysis by exploiting the changes in the

material’s physical properties at the nano-scale range.’

Related studies by our group previously reported gold substrates being ideal for the preparation
of cavity arrays but its value as an electrode make it ideal for studying the electrical properties
of molecules interacting with bilayers and it enhances the plasmonic spectroscopic signals. "
Jose et al. for instance, developed a lipid bilayer spanned across nanocavities through prefilling
the array with buffer and allowing the lipid membrane formation on the array, and allowing an
aqueous environment on both sides of the suspended lipid bilayer.” This allows the membrane
to have a biomimetic environment where further research into sensor applications such as drug-
cell and protein incorporation interactions is required. The plasmonic behaviour of nanocavity
arrays can be used to detect the luminescence of weakly emitting analytes when filled within
the cavity. This was observed by Jose et al. where the intensity of emission of
[Ru(2.,2’bipyridyl)2(2,2°:4,4”;3,3”-quarterpyridyl)]?* and fullerene (Ceo) increased in order of
magnitude in 820 nm diameter nanocavities compared to that of the bulk solution using
confocal fluorescence microscopy.” The enhanced signal intensity improved the sensitivity
which is ideal for sensing application. Similarly, Liu et al. developed a biosensing technique
where the oligonucleotides' immobilisation produced the fluorescence signal within the cavity

array with 200 nm in diameter and having complementary target oligonucleotides in solution. >
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The enhanced fluorescence was seen in the target molecules that were bound within the cavity.
While unbound target molecules, outside the cavity cannot transmit their fluorescent emission
efficiently through the substrate, and thus demonstrating an effective biosensing substrate.®
Research carried out by Gimenez et al. similarly demonstrated the potential for nanostructured
periodic arrays for sensing applications where more than 10* improvement over Surface
Enhanced Raman Spectroscopy (SERS) and a 200-fold improvement over Metal Enhanced

Fluorescence (MEF).”* While research carried out by Sarangi et al. demonstrates the use of
MSLBs as biomimetic platforms to gain an insight into the interaction of Miltefosine on lipid

membranes using electrochemical impedance spectroscopy.

1.7 Electrochemical assessment of Lipid membranes

Defects or impurities on a substrate's surface are found due to substrate preparation, substrate
cleanliness, and solution purity. These defects, which present themselves on the monolayer,
can affect the reactivity of the electrode surface. Specifically, in the case of alkanethiol on gold,
defects on monolayers' surface result in missing rows of alkanethiols. Vericat et al. for instance,
discussed how impurities could arise from insufficient annealing procedures, the partial
extension of hydrocarbons resulting in the change of tilt angle, or potential desorption of Au
form the substrate surface.”®

CV is an electrochemical technique sensitive enough to detect both nanoamp and picoamp
levels of current, suitable to detect such defects.'® CVs can be used to reveal the impurity of an
array or the density of a SAM through the current rate of modified and unmodified electrodes.
Conversely, a decrease in current is indicative of the presence of SAM which hinders redox
reactions. The surface coverage of SAMs can also be determined by electrochemistry. For
instance, Weisshaar et al. used voltametric measurements to assess different monolayer films'

surface coverage through reductive desorption.’’
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This was done where the charge for the one-electron desorption of the Au-S bond was measured
through voltammogram in an alkaline buffer. Dodecanthiol and two ferrocene-terminated
thiols were the thiols used in this experiment. Weisshaar determined the surface coverage of
three various monolayer films through volumetric measurements by reductive desorption. The

following equation:

Equation 1.2

Where I is the monolayer surface coverage (mol cm™), n is the number of electrons taking part
in the transfer, F is Faraday's constant (C mol™), A is the electroactive surface area (cm?) and
Q is charge, measured in coulombs (C) and is in direct proportion to the surface coverage.
Electrochemical impedance spectroscopy (EIS) is a non-destructive electrochemical method

used to assess the interfacial electrical properties of an electrode system using Ohm’s law:

~I<

Equation 1.3

Where R is the resistance, E is the potential, and I is the current. Ohm’s law describes an ideal
resistor in a circuit; the resistance is independent of the AC frequency and the current and
voltage passing through the circuit in phase. The impedance is measured by the phase shift
change in the AC potential within the electrochemical cell. An AC potential applied to the

system gives a pseudo linear response.
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A sinusoidal wave function is produced from the AC potential, and if it is pseudo linear, the
corresponding current response will be sinusoidal at the same frequency, but phase-shifted,
®.’87980 E|S measures the current response where the impedance Z is fixed by the applied

voltage causing a perturbation of the sinusoidal wave and given in the following equation:

V (t) _ Vo sin (2mft)
1) lo(2mft+ @)

System: Z(t) =

Equation 1.4

However, in the case of a system containing a lipid bilayer, a phase separation occurs between
the applied alternating current (AC) voltage and current reflecting the system's impedance. 8!
Vo, and |, represent the voltage and current signals within the system, f is the sinusoidal wave
frequency, t is time, and @ is the phase shift between current and time, and voltage and time
functions. As seen in figure 1.11, the data obtained from impedance are represented on Nyquist
or Bode plots. Nyquist plots typically comprise a high frequency semi-circular segment,
representing the electron transfer process, while the low frequency straight angled line

represents the diffusion-limited process as seen in the image.®?
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Figure 1.11: Nyquist plot illustration depicting the high-frequency semi-circular region and

the straight angled region for electric double layer capacitor electrodes.®®

The impedance of a given circuit is represented by the vector's length from 0 to a specific point,
along with the angle of the vector known as the phase shift. Quantitative results can be obtained
by fitting an equivalent circuit model (ECM) through a combination of resistance and
capacitance elements arranged in series or parallel. To choose the correct ECM, insight into
the electrochemical system is needed to ensure correct physical and chemical components are
put in place. Although the allocation of ECM components is often based on educated thought,
in cases in specific models where only one parameter significantly changes useful information
can be produced. As seen in figure 1.12, an ECM for a bio-faradaic process for a gold working
electrode contains a double layer capacitance (Cai), the ohmic resistance of the electrolyte (Rs),

charge transfer resistance (Rct), and Zw is the Warburg impedance. 884

27



A typical ECM for a supported lipid bilayer is shown in figure 1.11 contains both a resistor and
a capacitor in parallel to the bilayer (Rm, Cm) and solution resistor element (Rs), along with a
double layer capacitor for the electrode and solution interface (Cai).2>%68788 Steinem et al. used

impedance spectroscopy to analyse the supported lipid bilayers.
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Figure 1.12: An ECM used in fitting of lipid bilayer impedance data.

MSLBs, or microcavity assisted lipid bilayers, have been used by our group to investigate protein-
membrane interactions and aggregation at the membrane interface through gold microcavity arrays
using polystyrene sphere lithography. Berselli et al. assessed the effect of transmembrane lipid
asymmetry on lipid diffusion, membrane viscosity and cholera toxin ganglioside across six symmetric
and asymmetric membranes.®® Fluorescence lifetime correlation spectroscopy was used to determine
the lateral mobility of the lipid membrane and protein while EIS was used to detect protein-membrane
assembly at the nanometer scale. It was found that transmembrane leaflet asymmetry had a profound
impact on the membrane resistance, as the resistance of ternary symmetric bilayers was found to be
2.6 times higher than the asymmetric membranes with an analogous composition in the distal leaflet

composed of only DOPC.88
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1.8 Conclusions

Chapter 1 describes the current lipid membrane model systems. These model membranes have been
applied to research questions from lipid dynamics to drug membrane interactions. Cell membrane
models have advanced significantly and offer useful approaches to understanding the behaviour of
real membranes separate to the complex cell environment. The dynamics and complexity of these
membranes have sparked a lot of interest in lipid membrane science, which can cover a wide variety
of topics, including protein-drug interactions, drug permeation, and aggregation for biomimetic
applications. While considerable progress has been made in supported lipid bilayers, improvements
in reproducibility and stability are still needed. This thesis aims to uses microcavity arrays in which
membrane stability is assessed using three different SAMs. This will be achieved by spanning
support lipid bilayers across microcavity array substrates. Using two different variations of gold
microcavity arrays, an electrochemically deposited microcavity array, and two-photon
polymerisation fabricated substrates, this study addresses the surface chemistry involved in the

stabilisation of cell membrane models.
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2.0 Introduction

Phospholipid bilayers spanned across a solid substrate can provide useful information for
studying the behaviours and interactions of biological membranes.! The support of a membrane
to a surface allows it to be studied by a variety of techniques available in surface science,
allowing for the basis of new sensor technologies in diverse fields such as drug delivery studies
and disease diagnostics.? Several methods have been used to deposit lipid membranes onto
either uncoated, pre-modified surfaces and self-assembled tethered methods such as Langmuir-
Blodgett and vesicle fusion methods.®# Lipid membranes model membrane interactions,
including microcavity supported lipid bilayers (MSLBs) allowing an insight into passive
membrane permeability along with membrane toxicological problems.> A variety of
approaches to develop porous substrates have been reported including photolithographic
methods and high cost electron beam.®"891% Herein, the effect of functional terminals on the
different self-assembled monolayer (SAM) of bilayer formation and stability, on
electrochemically deposited microcavity array platform as the working electrode was assessed.
SAMs have shown appeal in sensors, interfaces, microfabrication, and lipid membrane
models. 1112

Over the last 30 years, there has been significant development in the lipid membrane model
and it is of keen interest.!® The SAMs used to support lipid bilayers and their overall stability
on the platform were 6-mercapto-1-hexanol, hydroxyl terminated polyethene glycol (PEG)
thiol and 6-mercaptohexanoic acid. The thiols groups at the end of these SAMs allow for
straight-chained alkane groups to bind onto the Au surface. EIS measurements and Raman

spectroscopy techniques were employed for characterisation purpose.
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2.1 Instrumentation

2.1.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a versatile instrument that allows for the examination
of structures and chemical composition characterisation across many fields. As per figure 2.1,
an SEM instrument contains an electron gun which accelerates electrons at a range between
0.1-30 keV between a cathode and an anode. Electromagnetic lenses and apertures focus the
beam of electrons onto the specimen was mounted onto the stage and analysed under vacuum.
Electrons traverse through lenses which are focused coarsely initially and then finely to obtain
a well-defined image in the nanometer size range. Images can be formed either from secondary
or backscattered electrons which can provide information relating to a substrates topography,
morphology and composition.!* Although SEM is a technique which is both easy to operate
and requires limited sample preparation, electrically insulating sample do require gold sputter

coating to make the sample more conductive.
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Figure 2.1: Schematic diagram of an scanning electron microscope setup.*
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2.1.2 Cyclic Voltammetry

Cyclic voltammetry (CV) has been widely used to explain chemical reactions and to assess
diffusion coefficients for solution species. The characterisation of modified electrodes is also
made possible through the use of this technique. Thus, this technique gives a large amount of
information over a potential range over a short time span. CV can be used to assess charge
transport rates for modified electrodes, through the analysis of the current response.*® Where a
semi-infinite diffusion regime is kept, the peak current of a CV for a modified electrode is

given by the Randles-Sevcik equation:

nFUD)]_/Z

| p:0.446nFA C(?

Equation 2.1

Where Iy is the peak current, n the number of electrons passed, F the Faraday constant, A the
area of the electrode in cm?, Dcr and C are the charge transport diffusion coefficients and

concentration of the electroactive species within the film and v is the scan rate V/s.*®

As the potential is scanned positively, Fe(CN)s™ becomes oxidised with the anodic current.
As the potential is scanned negatively for the reverse scan, the electrode surface becomes a

reductant, Fe(CN)s will be reduced by the electrode process, resulting in a cathodic current:

[Fe(CN)s]*” = [Fe(CN)s]* + e~

Equation 2.3
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A redox reaction is were half of the reaction rapidly exchanges electrons at the surface of the
working electrode are said to be electrochemically reversible couples. The reduction potential

Eo for a reversible couple is the mean of Epa and Epc.

Eo = O.5(Epa + Epc)

Equation 2.4

The number of electrons involved in a redox reaction for reversible couple is related to the

difference of peak potentials by:

Epa- Epc :57.015mV)

Equation 2.5

2.1.3 Electrochemical Impedance Spectroscopy

Resistance is the measure of an electrical circuit’s ability to resist the flow of electrical current

and it is defined by Ohm’s law, where v is potential and I is current:

~I<

Equation 2.2
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Ohm’s law describes an ideal resistor. An ideal resistor shows that the resistance is independent
of applied current frequency such that an alternating current (AC) and voltage signals passed
through a resistor are in phase. However, for lipid bilayers on working electrodes, the phase
separation exists between the applied AC voltage and the corresponding current reflects the
impedance of the system.!® Impedance is measured by applying an AC potential to an

electrochemical cell and studying the AC response.

In EIS, a small AC potential is applied to the cell to give a pseudo-linear response. As the AC
potential signal is a sinusoidal function, if the potential is pseudo-linear, the current response
will have a shifted phase but will have a sinusoidal function at the same frequency.’ The fitting
of impedance data to an equivalence circuit model (ECM) can provide quantitative information
on the resistance and capacitance of both bilayers.*® It is of key importance to understand the
physical elements and dialectical properties within the equivalence circuit model system to
ensure that the correct fitting model is used for the impedance spectra for the supported lipid
bilayers. Information on the resistance and capacitance of bilayers can be obtained through the
fitting of impedance data to an ECM. This enables the extraction of electrical and dialectical
properties of the system. It is important to select the correct ECM depending on the system
being studied.’®?°2122 E|S has been used considerably to assess the electrical properties of
supported lipid bilayers. For instance, impedance has been used by Steinem et al. to examine

the different ways to assess the properties and formation of supported lipid bilayers.*°
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2.1.4 Langmuir-Blodgett

The Langmuir-Blodgett method is a method that utilises amphiphilic surfactants ability to self-
assemble at an air/water interface as seen in figure 2.2. This method is commonly used due to
its precise control of the monolayer thickness, which allows for the homogenous deposition
formation of multi composition structures. Amphiphilic substrates are commonly applied to
Langmuir-Blodgett methods through the ability of the polar areas to remain in the water
interface and the non-polar area to orientate to the liquid phase.? Through applying pressure,
a close packed homogenous monolayer will form through the compression of these substrates
to form a Langmuir film. The formation of the monolayer is affected by the chain length with
long chains will crystallise on the air/water interface while too short of a chain may form a

micelle.?

scale substrate

barrier

Figure 2.2: Schematic diagram of a Langmuir-Blodgett trough which demonstrates the

barriers being compressed allowing the monolayers to orientate.
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The film is first organised through compressions from a two dimensional gas phase moving to
liquid and then finally the solid phase by a surface pressure-area isotherm as seen in figure
2.3. In the gaseous phase, the molecules are largely separated from one another. As the
barriers close, the surface area decreases and surface pressure rises as the molecules become
better packed.

Monolayer
Air

n.=25-50mN m*

S Liquid I l Barrier Surface pressure
increase

0.20 0.25 0.50 10.0
o (nm? molecule %)

Figure 2.3: Schematic representation of a pressure-area isotherm.?*
A typical Langmuir-Blodgett trough is made from Teflon or Delrin, which is a hydrophilic
material which prevents monolayers from going beneath the barrier. The surface pressure (IT)
of the monolayer is monitored by the Wilhelmy-plate method. This technique involves a plate
being partially suspended within the subphase, the force due to the surface tension. The surface
pressure is equal to the surface of the liquid phase (y) minus the surface tension with the
monolayer (yo).2° For the deposition of the amphiphilic monolayer from the trough to the solid
substrate (figure 2.4), the surface pressure must be kept constant throughout. The pressure is
of critical importance to ensure homogenous, uniform packing, with pressures below 10

mN/cm usually is ineffective and above 40 mN/cm, can pose film rigidity and lead to buckling.
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The transfer ratio of the surface pressure of the packed monolayer and the deposition stroke
parameter reflects both the quantity and quality of the deposition of the bilayer onto the
substrate. This being the decrease in monolayer area during deposition stroke and the area of

the substrate and in the ideal situation should be equal to 1.2

L L b

Figure 2.4: Schematic showing the process of monolayer deposition on a substrate using the

Langmuir Blodgett technique.

The substrates affinity for water dictates the order in which a Langmuir-Blodgett film is
transferred. In the case for our hydrophilic substrate, the first layer of the film is transferred by
raising the substrate from the sub-phase through the monolayer. This results in polar ends being

bound to the substrate while the non-polar end being in the gas phase.
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2.1 Materials and methods

2.1.1 Materials

1,2-dioleoylsn-glycero-3-phosphocholine (DOPC) were purchased with the maximum degree
of purity (>99%) from Avanti Polar Lipids (Alabama, USA) without the need for further
purification. Phosphate buffer saline (PBS) tablets were purchased from Sigma-
Aldrich(Wicklow, Ireland). Gold wafers were purchased from AMS Biotechnology
(Abingdon, UK).Polybead microspheres were purchased from Polysciences Europe Gmbh
(BadenWurttemberg, Germany) Aqueous solutions were prepared using MilliQ water (18 mQ2)
(Millipore Corp. Bedford, USA). 6-mercapto-1-hexanol, 6-mercaptohexanoic acid where both
purchased from Sigma Aldrich (Wicklow, Ireland), hydroxyl-terminated PEG thiol (N7) were
purchases from Polypure AS (Oslo, Norway). Mica sheets 100 x 50mm x 25mm x 0.15mm
purchased from SPI (West Chester, PA, USA). Polydimethylsiloxane silicon elastomer
(PDMS) was purchased from Dow Gmbh (Wiesbaden, Germany) and mixed following
supplier’s instructions. The gold salt solution used in the fabrication of the microcavity arrays
which is a commercial gold plating solution, was purchased from Technic Inc, Sodium Gold
Sulfite Solution, Cranston, RI, USA. Tetrahydrofuran (THF, 99%), Chloroform (> 99.5%) and,

ethanol (> 99.5%) or equal were all purchased from Sigma Aldrich, Ireland.

2.1.2 Methods

2.1.2.1 Fabrication of gold cavity arrays

The gold microcavity arrays were prepared using the method previously reported by Basit et
al. As seen in figure 2.5, polystyrene microspheres of 2 um in size were dropped casted onto
vapour deposited gold coated silicon wafers (1.5 cm x 0.8 cm). The polystyrene spheres (PS)
were dried overnight in a 4 °C refrigerator. Gold was electrodeposited onto the polystyrene

microsphere covered gold silicon by using the gold coated silicon as the working electrode.
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A potential of - 0.6 mV (vs Ag/AgCl) was held until the gold had deposited to the equator of
the PS. Following deposition, the array was rinsed with ethanol to remove any remaining gold

solution. After, PS were removed by sonication in THF for 10 mins and rinsed with ethanol.

B C

"O00 oo’

Figure 2.5: Schematic representation of the fabrication of gold microcavity array (A)
polystyrene microspheres of 2 pm in size were dropped casted onto a 100 nm gold wafer
manufactured by vapour deposition. (B) Using the gold as a working electrode, gold was
electrodeposited onto the wafer by holding the electrode at a potential of -0.6 V (vs
Ag/AgCI). (C) The PS was removed from the substrates through sonication in THF for 10

mins and rinsed with ethanol.

2.1.2.2 Scanning Electron Microscopy

The morphology of the microcavity array platform was characterised by Scanning Electron
Microscopy (SEM). SEM images were obtained using a Hitachi S-3200n scanning electron
microscopy. All measurements were carried out at a probe current of 35 uA, aperture size 3

and an accelerating voltage of 10 kV. Images were taken across 3 different sections per sample.

2.1.2.3 Surface modification

The exterior surface of the arrays were selectively modified with 10 mM 6-mercapto-1hexanol,
hydroxyl terminated PEG thiol and 6-mercaptohexanoic acid to allow for the binding and
formation of a bilayer. The surface modification occurs through the binding of the thiol SH
group to the gold, resulting in an ordered monolayer. Cavities were functionalised micro
contact printing (LCP). uCP involves the use (block and ink) of a PDMS template. As per
figure 2.6, PDMS substrates were made at a 10:1 ratio. Mica templates of an area 1.5 cm? were

placed onto a glass slide.
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Figure 2.6: Schematic representation of the fabrication of the PDMS templates. (A) Mica
pieces were glued to a glass slide. (B) PDMS was poured into the tinfoil and thermally cured
at 100°C for 1 hr. (C) Templates were removed from the glass slide D) One side of the
template was cut.
The PDMS substrates were treated with a Harrick PDC-002 Plasma (Harrick Plasma Inc.) and air
plasma cleaner for 10 seconds at 1000 mT of pressure, using air as the process gas, to render the
surface hydrophilic. As shown in figure 2.7, the plasma oxidises the methyl groups on the surface

of the PDMS leading to a SiOx network with interfacial hydroxyl groups being formed giving a

hydrophilic surface.?®%’

HC CH, HC CH, HC CH, HO OH  HO OH HO OH

\ / \/ \/ \ / \ \/

Figure 2.7: Shows a schematic of a PDMS substrate before plasma treatment and post

plasma treatment.?
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The SAM was then inked onto the plasma treated PDMS template as seen in figure 2.8. The
ethanol was allowed to evaporate prior to adding the microcavity arrays onto the functionalised

PDMS template as seen in figure 2.8.

(b)
' - : /
(c) l
y f//
5S $S

Figure 2.8: Diagram of the surface modification of the cavity array. (a) is the PDMS “inked”

with SAM (b) Functionalisation of the cavity surface. (c) Post cavity functionalisation.

2.1.2.4 Electrochemical characterisation

2.1.2.4.1 Cyclic voltammetry

The assembly of the SAM and subsequent bilayer at the microcavity array was evaluated by
Cyclic voltammetry (CV). CVs were collected using a three electrode cell, the substrate as a
working electrode, Ag/AgCl as a reference electrode and a platinum wire as a counter
electrode. 10 mM potassium ferricyanide was used as a redox probe in 1 M potassium chloride
(KCI). Post surface functionalisation, initially at different time intervals followed by different
pressure intervals, CV was used to characterise the array surface by evaluating its capacity to

block ferricyanide oxidation. The potential was varied from 0 t0 0.6 V.
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Figure 2.9: Schematic of an electrochemical cell of a three electrode working system where
the working electrode is the MSLB. Where RE is the reference electrode, WE are the

working electrode and CE is the counter electrode.

2.1.2.5 Formation of lipid bilayers

Vesicles were prepared by taking 20 pl of a lipid solution (Avanti) of a 50 mg/ml stock in
chloroform and evaporating it in a glass vial under a constant stream of nitrogen. To ensure
full drying of the lipids, the vial was placed under vacuum for 30 mins before resuspension in
1ml of PBS. The vesicles are extruded through 100 nm polycarbonate membrane a minimum
of 11 times, to form monodisperse vesicles. To form a monolayer by Langmuir-Blodgett
methods, DOPC in chloroform was placed onto the air-water interface on the NIMA 120 cm
Langmuir-Blodgett trough (NIMA Inc.) using Milli-Q water for the water phase. The trough

was left for 10 min to allow the evaporation of the chloroform.
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Prior to the microcavity being lowered into the interface and withdrawn to allow the monolayer
to transfer onto the surface, it was sonicated in PBS, pH 7.4 to ensure aqueous filling of the
pores. As seen in figure 2.10, gold microcavity arrays were clipped to the dipper of the
instrument and immersed at a speed of 150 mm/min, the barriers were compressed at a pressure
of 32 mN/m and removed at 5 mm/min. The array was then immersed in vesicle solution for

1 hr to form a bilayer.
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Figure 2.10: The modified microcavity array is placed in the Langmuir-Blodgett trough with
lipids compressed at the surface. (a) Where a monolayer is formed as the array is slowly
removed from the trough and the lipids self-assemble across the sample. (b) The sample is

incubated in a vesicle solution, the vesicles disrupt forming the outer layer of the bilayer.
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2.1.2.6 Surface enhanced Raman Spectroscopy
A Horiba LabRAM was used with a 50x magnification objective. A 785 nm was used as the
excitation wavelength and a 300 um slit was used for measurements. A silicon wafer along

with the Rayleigh line was used to calibrate the instrument before use.

2.1.2.7 Electrochemical Impedance Spectroscopy

EIS was carried out using a CH Instrument model 760E Electrochemical workstation. The
electrochemical cell comprised of a three electrode system comprising of a platinum wire as
an auxiliary electrode, an Ag/AgCl reference electrode and the microcavity array as the
working electrode. EIS measurements were measured with an AC modulation amplitude of
0.01 V at a potential bias of 0 V (vs Ag/AgCl) over a frequency range of 100,000 Hz to 0.01
Hz. The electrochemical impedance response was performed ina5 mL PBSpH 7.4 ina 10 mL
glass beaker and measured every 1 hr over a 20 hr period, each measurement taking 10 min

and was carried out at room temperature (20°C).

Figure 2.11: Schematic of an electrochemical cell of a three electrode working system where
the working electrode is the MSLB. Where RE is the reference electrode, WE is the working

electrode and CE is the counter electrode.
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2.1.2.8 Cyclic Voltammetry

As described in section 2.2.2.4

2.2 Results and Discussions

Keyes research group have demonstrated that solution deposition as an effective method for
selectively modifying the tops surface of the array using PS spheres to mask the interior of
the cavity. Although this is an effective method for surface functionalisation it is a time
consuming process that requires several steps including a 12 hr solution deposition step
followed by a THF wash step to remove the PS spheres. Here we examine a new and
alternative method for selective SAM deposition at the cavity array top surface by applying

uCP as an alternative approach to solution deposition.

2.2.1 Comparison of solution deposition and uCP functionalisation methods at planar gold
surfaces

In order to compare the effectiveness of the surface functionalisation methods surface coverage
of 10 mM 6-mercapto-1-hexanol at arrays prepared by solution phase deposition was compared
to those prepared by microcontact printing (UCP). CVs were collected using 10 mM potassium
ferricyanide in 1 M KCI as the electrolyte on three plain gold arrays. Using the planar gold
wafer as the working electrode, CVs were collected at various scan rates between the potential

0t0 0.6 V, as seen in figure 2.12.
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The Randles-Sevcik equation, which relates the peak current to diffusion coefficient of a
reversible redox reaction and if D is known it can be used to estimate the electroactive area of
the working electrode by applying ip versus v*, where iy is the peak current according to
equation 2.6, where n is the number of electrons transferred, F is the Faradays constant, A being
the area of the electrode in cm?, D is the diffusion coefficient for the potassium ferricyanide
(7.09 x 10® cm?/s), C is the concentration of potassium ferricyanide used in mol/cm® and v is

the scan rate in V/s.

nFvD

ip = 0.44643 nNFAC (2222)2
RT 72

Equation 2.6
A plot of (scan rate)¥2 vs. peak current for the substrate along with the linear fit is shown in

figure 2.12.
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Figure 2.12: (a) A CV of a planar gold array measured in 10 mM Ks[Fe(CN)g] and 1 M KClI
as the electrolyte at 300, 200, 150, 100, 70, 50, 40, 30 mV/s. (b) Shows a plot of VScan rate
Vs. oxidation peak current. The current plotted is the average oxidation peak of 3 different

untreated planar gold electrodes (vs. Ag / AgCl). All electrodes where measured using a
standard 3 electrode set up in using 10 mM potassium ferricyanide in 1 M KCI as the
supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCl) at a scan rate of 100
mV/s
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It can be seen from the plot of i, versus v that the trend line R? of 0.99 that the Fc couple is
well behaved at the unmodified cavity array electrode surface. The surface of the plot in figure

2.12 (b) was fitted to the Randles-Sevcik (equation 2.6)

An average geometric area for planar gold arrays was estimated to be 1.05 cm?with a standard
deviation of + 0.27 cm?. The small deviation between the electrodes means that the planar gold
arrays were prepared with acceptable uniformity. The surface coverage can be estimated from
the oxidation peak of the CV using the following equation to calculate the surface coverage of

the ferrocene:

Equation 2.6

Where Q is the oxidation peak area, n is the number of electrons transferred (which is 1), F is
Faraday’s constant (9.6487 x 10* C / mol) and A is the electro-active area of the electrode.
CV’s of the gold cavities were measured in 10 mM potassium ferricyanide to see the effect of
the surface functionalisation on the surface electrochemistry of the working electrode. the

electro-active surface of each electrode for the two methods is seen in table 2.1.
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Table 2.1: Comparison of the surface coverage of 10 mM 6-mercapto-1-hexanol solution
deposition overnight and the electroactive surface area of in 10 mM 6-mercapto-1-hexanol
using 30 min uCP on planar gold substrates. This was conducted using Randles-Sevciks
equation using the charge from 100 mV CV of soaked and uCP CV on 3 different planar
gold. All electrodes where measured using a standard 3 electrode set up in using 10 mM
potassium ferricyanide in 1 M KCI as the supporting electrolyte and measured from 0 to 0.6
V (vs. Ag/AgCl) at a scan rate of 100 mV/s.

Electrode Solution deposition (mol cm) HCP (mol cm™)
1 1.04 x 10720 1.09 x 10710
2 1.22 x 101 1.56 x 10™°
3 1.03 x 10710 1.07 x 100
Average 1.10 x 10710 1.24 x 10710
Standard Deviation 0.11 0.28

This result indicates that the solution deposition method is comparable to the uCP method,
with uCP offering the possibility of functionalising the surface of the array similar to that of

solution deposition without modifying the cavities interior.

2.2.1 Characterisation and functionalisation of Gold microcavity Arrays by uCP
method

SEM was used to characterise the topology of the gold cavity arrays fabricated by sphere
lithography and gold electrodeposition as described in section 2.1.2.1. THF was used to remove
the spheres prior to imaging the structures of the cavities were assessed by SEM as seen figure
2.13.% The data confirm the sphere lithographic method used, which is a recently improved

method, leads to a well order, packed arrays as seen in figure 2.13.
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10.0kV x9.50k SE

Figure 2.13: SEM of 1.83 um of sphere lithography electrchemically deposited array.

Figure 2.14 shows a close up image of array diameters of 1.83 um of the electrochemically
deposited gold arrays following the removal of 2 um onto polystyrene microspheres using
THF. This image shows that the gold electro-deposition technique produces arrays formed to
approximately the equator of the deposition sphere as reported previously.'* However,
although the potential of - 0.6 V (vs Ag/AgCl) was held until the gold had deposited to the
equator of the PS there is a degree of variability within this method. The electrodeposition
method relies on the judgement based on the coulometric curve in the manufacturing of the

array, whether the gold has deposited to the PS diameter and hence the degree of variability.
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10.0kV x180k SE

Figure 2.13: SEM of 1.83 um packed cavity array.

2.2.2.8 Optimisation of microcontact printing parameters

To optimise the pCP conditions described above for planar electrodes to the microcavity array
electrodes, voltammograms of the array functionalised at different time intervals followed by
different pressure intervals were conducted using 10 mM potassium ferricyanide in 1 M KCI
at 100 mV/s scan rate between a potential of 0 — 0.6 V. From the 10 mM
6-mercapto-1-hexanol uCP timed experiment, figure 2.14 it can be seen a peak to peak
separation, AE of an unmodified array of 0.08 V. However, between the 15 min, 30 min and
24 hr voltammograms, the anode peak measured at 0.358 V for 15 min, 0.388 V for 30 min
and 0.392 V for 24 hr. With a small difference in peak separation between the 30 min and 24
hr voltammogram, the 30 min uCP time was used the optimal time which was then applied to
studies to determine the optimal pressure to apply between deposition surface and uCP

substrate.
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Figure 2.14: Comparison of voltammetry of electrochemically deposited platform at
different uCP time intervals of 10 mM 6-mercapto-1-hexanol using cyclic voltammetry.
Where the grey is no surface coverage, red is coverage after 15 min uCP, blue is coverage

after 30 min uCP and green is coverage after 24 hr uCP. All electrodes where measured using

a standard 3 electrode set up in using 10 mM potassium ferricyanide in 1 M KCI as the

supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCl) at a scan rate of 100
mV/s.

Using the 30 min uCP time different pressures for the contact printing were applied to optimise
coverage, ranging from 0.06 Pa to 1.8 Pa using 10 mM 6-mercapto-1-hexanol and the result
assessed by CV. In comparison to the unmodified array platform, it is evident from
voltammetry that thiol deposition decreases in voltametric response due to blocking of the
electrode between 0.3 Pa and 1.2 Pa (figure 2.16).

This is evident from the peak shift of the array functionalised with a 30 min uCP with no

pressure applied was 0.29 V.

65



There was a significant increase in the surface coverage of the modified surface with the anodic
peak at 0.36 V with 30 min uCP with 0.3 Pa of pressure. Similarly, there is little further change
to the voltametric response of the modified array following deposition at 0.6 Pa, 0.9 Pa or 1.2
Pa with only modest shifts of the anodic peak from 0.37 V to 0.382 V and 0.412 V with further
increases in pressure. This indicates there are only small changes in surface coverage with
increasing pressure between the 0.6 Pa and 1.2 Pa . These large changes in voltametric
responses, particularly at higher pressures could be credited to the functionalisation of the
interior of the array. This suggests that using lower pressures for deposition as a precaution to

avoid the functionalisation of the cavities interior.
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Figure 2.16: Cyclic voltammetry of platform at different 30 min uCP at pressure intervals

using 10 mM 6-mercapto-1-hexanol. Where black is of a platform at 30 min time, 30 min is

uCP time at 0.3 Pa, blue is of 30 min uCP time at 0.6 Pa, green is of 30 min uCP time at 0.9
Pa and purple is of 30 min uCP time at 1.8 Pa. All electrodes where measured using a
standard 3 electrode set up in using 10 mM potassium ferricyanide in 1 M KCI as the

supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCI) at a scan rate of 100 mV/s.
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2.2.2 Electrochemical Impedance Spectroscopy of Lipid membrane on gold arrays

EIS was used to analyse the effect of SAMs with separate end termini on the array's capacity
to sustain a bilayer on three separate electrodes. EIS is a highly sensitive tool that reflects
changes in electrode impedance as a result of surface chemical changes, offering clear insight
into membrane admittance, packing, permeability, and stability. Since the cavity order differs
slightly from array to array, and hence the electrode geometric area varies, relative resistance
changes are discussed here to facilitate comparison, rather than absolute resistance changes.
Figure 2.22 shows the microcavity array with the PS spheres dissolved. Upon 30 min uCP
under 0.6 Pa pressure using 10 mM 6-mercapto-1-hexanol, an increase in resistance is seen as
a SAM forms on the gold surface. There is a further increase in resistance as seen caused by
the addition of the lipid membrane to the array by Langmuir-Blodgett method followed by

vesicle fusion.

67



4000000 -

Unmodified WW%QWW
Modified Lx % L)\
—— DOPC immobilisation éé%ﬂ %&ﬂ%&g\ ﬁ&éégé

3000000 ~

N, ]
¢ 2000000 SSSS $SSS SSSS SSSS

1000000 -

T T T 1
0 1000000 2000000 3000000 4000000
ZI

Figure 2.22: Electrochemical impedance spectroscopy Nyquist plot of the fabrication steps
for MSLB, using LB followed by vesicle fusion on a PS lithographically prepared pre-
aqueous filled microcavity array modified with 10 mM 6-mercapto-1-hexanol. Black
represents bare microcavity array. Red represents the microcavity array functionalised in
6-mercapto-1-hexanol where blue presents the microcavity array supporting a DOPC bilayer.
All measurements were measured in triplicate and conducted using a 30 min uCP time with
0.6 Pa pressure in PBS buffer at pH 7.4 within the experimental window of 20 hrs. A
standard 3-electrode system at 0 V' (vs Ag/AgCl) using an AC amplitude of 0.01 V with a
frequency range of 1 MHz to 0.01 Hz.

Nyquist plots contain complex impedance data originating from both the resistance and capacitance

of the cell. This data results from both real, Z. and imaginary, Zim components. The graphical

representations of impedance offer significant insight into the change of membrane over time.

However, equivalent circuit models (ECM) can be used to get actual resistance values of the lipid

bilayer shown in the figure 2.23. The ECM model can be applied to impedance data and should

represent the system in question. These model membranes were applied to electrochemical impedance

spectroscopy where the bilayers stability is assessed by their corresponding EIS signal over 20 hrs.

The circuit in figure 2.23 for instance consists of Rs, which is the solution resistance in series the

resistor, Rm and capacitor, Cm in parallel corresponds to the self-assembled monolayer and the lipid

bilayer on the surface.
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The circuit consists of a resistance component, which corresponds to the resistance of the
microcavities (Rc) and a double layer capacitance Cdl. The circuit uses a Constant Phase
Element (CPE) component, given by Zcee = Q! (jo) ™ Where the magnitude of the capacitance

is given by Q, the angular frequency is ® and a being a real number between 1 and 0.

Rs Rm Rc

CPEc+dI

Figure 2.23: ECM model used in fitting AC impedance data. Where Rs, Rc and Rm are the
resistance of the solution, the cavities resistance and resistance of the membrane. CPEc+dl
and CPEm are the electrode double layer constant phase element and the constant phase
element of the membrane.

It is not expected that the Rs of the contacting solution will change. Similarly, Rc is not
expected to change during the measurement. Similarly, with biological cells, the biomimetic
MSLB acts as a semi-permeable barrier. To evaluate the effectiveness in a SAM in supporting
a lipid bilayer across the aqueous filled arrays, the stability of the bilayers at each SAM type

were explored by EIS. Impedance measurements were carried out on a DOPC supported using

10 mM of 6-mercapto-1-hexanol.

As shown in figure 2.24 (a) below, following 4 hrs for the lipid membrane to reach its
equilibrium the membrane resistance of the DOPC symmetric bilayer was found to be stable
for 7 hrs. Figure 2.24 (b) shows that the impedance response significantly alters over 60 min
with very litte change after. This shows that after 60 mins that the 6-mercapto-1-hexanol on

the array is stable.
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Figure 2.24: (a) The relative change in resistance of a DOPC bilayer prepared using LB
followed by vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity
array platform modified with 10 mM 6-mercapto-1-hexanol. (b) Nyquist plot of this substrate,
unfunctionalised (grey), post after functionalisation (red), 60 min post modification (blue) 70
min post modification (green). All measurements were conducted using a 30 min uCP time
with 0.6 Pa pressure in PBS buffer at pH 7.4 within the experimental window of 20 hrs. A
standard 3-electrode system at 0 V (vs Ag/AgCl) using an AC amplitude of 0.01 V with a
frequency range of 1 MHz to 0.01 Hz.

The array functionalised with 10 mM hydroxyl terminated PEG thiol was used to support a
DOPC bilayer membrane. Prepared as before, at pre-aqueous filled arrays using DOPC LB and
then vesicle fusion as shown in the figure 2.25 (a), the membrane resistance of the DOPC

symmetric bilayer was found to be stable for 8 hrs.

In comparison to the DOPC membrane supported by 6-mercapto-1-hexanol to membranes
supported by hydroxyl terminated PEG thiol 6-mercapto-1-hexanol shows less membrane

stability but comparable change in membrane resistance.
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Figure 2.25: (a) The relative change in resistance of a DOPC bilayer prepared using LB
followed by vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity
array platform modified with 10 mM hydroxyl terminated PEG thiol. (b) Nyquist plot this
substrate, unfunctionalised (grey), post after functionalisation (red), 60 min post modification
(blue) 70 min post modification (green). All measurements were conducted using a 30 min
MCP time with 0.6 Pa pressure in PBS buffer at pH 7.4 within the experimental window of 20
hrs. A standard 3-electrode system at 0 V (vs Ag/AgCl) using an AC amplitude of 0.01 V with
a frequency range of 1 MHz to 0.01 Hz.

The array was then functionalised using 10 mM 6-mercaptohexanoic acid was used to support
a DOPC membrane. As shown in figure 2.26 below, the membrane resistance of the DOPC
symmetric bilayer was found to be completely unchanging within experimental error for 5 hrs

but with only very modest changes over 10 hours.
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Figure 2.26: (a) The relative change in resistance of a DOPC bilayer prepared using LB
followed by vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity
array platform modified with 10 mM 6-mercaptohexanoic acid. (b) Nyquist plot of this
substrate, unfunctionalised (red), post after functionalisation (grey), 60 min post modification
(blue) 70 min post modification (green). All measurements were conducted using a 30 min
MCP time with 0.6 Pa pressure in PBS buffer at pH 7.4 within the experimental window of 20
hrs. A standard 3-electrode system at 0 V' (vs Ag/AgCl) using an AC amplitude of 0.01 V with
a frequency range of 1 MHz to 0.01 Hz.

However, in contrast to a DOPC membrane supported on 6-mercapto-1-hexanol and hydroxyl
terminated PEG thiol, a DOPC membrane supported by 6-mercaptohexanoic acid shows a
membrane stability of 5 hrs. The hydroxyl terminated end groups of both the
6-mercapto-1-hexanol and the hydroxyl terminated PEG thiol yielded similar results in terms

of membrane stability and relative change in membrane resistance over a 20 hr period.

The similar results between these two SAMs is expected, as both SAMs possess the same
hydroxyl terminated end groups, which in a well packed monolayer will mainly dictate the
surface chemistry. In figure 2.26, 6-mercaptohexanoic acid with a carboxylic acid end
terminiexhibited significantly less membrane stability with no changes within the standard

deviation at 5 hrs.
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The Nyquist plots, of 6-mercapto-hexanol, hydroxyl terminated PEG thiol and
6-mercaptohexanoic acid SAM formation on the gold interface was stable after 60 mins which
suggests the difference in stability between 6-mercapto-1-hexanol and the hydroxyl terminiis
down to the carboxylic acid end terminus. Critically the scale of change in membrane
resistance, is very different between the two hydroxyl terminated SAMs at 8 to 10 m{2 for
hydroxyl compared with the carboxylic acid with changes in membrane resistance of 16 to 18

my2 over the time scale explored.

2.2.3 Determination of Lipid Bilayer formation and stability

2.2.3.1 Surface enhanced Raman Spectroscopy

To support a DOPC phospholipid bilayer on the gold microcavity array, the substrates top
surface was modified with 10 mM 6-mercapto-1-hexanol by using 30 min pCP under 0.6 Pa
and was rendered hydrophilic. The cavities were sonicated with PBS for 20 min to ensure
properly filling of the cavities.3® After sonication, the lipid bilayer were formed using
Langmuir-Blodgett methods to form the proximal leaflet followed by vesicle fusion to form

the distal leaflet as described in section 2.1.2.5.

After the formation of a DOPC bilayer on the functionalised microcavity array. Its presence
was assessed using Raman spectroscopy, figure 2.16. A 785 nm laser wavelength was chosen
for excitation as it coincides with both DRAQ7 which is a cell impermeable dye and the
anticipated plasmon excitation for the 1.83 um microcavity arrays. Figure 2.18, shows a
Raman spectrum of a DOPC bilayer supported by 6-mercapto-1-hexanol on a microcavity array
platform. Initially, a spectrum was taken after five hours of bilayer formation, with no
vibrational modes being present. After plasmonic disruption vibrational modes 429, 445 cm™
as well as 1240, 1280 and 1322cm™ which is unique to DRAQ?Y are present which indicates

the presence of a membrane on the platform.
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Figure 2.18: Shows an overlay of Raman spectras of a DOPC bilayer with 5 uM
DRAQ?7 over a PS lithography microcavity array using 785 nm excitation line at an
incident laser power of 2.4 mW. The blue spectra were measured 5 hrs after LB
followed by vesicle fusion, with no DRAQ?7 signatures detected. While the orange
spectra is of DOPC bilayer after plasmonic disruption were DRAQ?7 signatures
being detected. The array was functionalised using 6-mercapto-1-hexanol for 30 min

HCP time with 0.6 Pa pressure.

Using six separate gold substrates, the effect of the topography of the underlying gold surface
on the integrity of self-assembled monolayers (SAMs) of hexadecanethiol (HDT) formed by
solution assembly and microcontact printing was investigated. Scanning tunnelling microscopy
was used to inspect the bare substrates for roughness and flaws (STM). Surface methods (STM)
and electrochemical measurements were used to assess the structural integrity of self-
assembled monolayers on these substrates.®2

Interestingly, the quality of the monolayer is often best when fabricated on the flattest
substrates. It is worth noting, though, that layer consistency is not always related to coverage
variations. Given the fact that STM photographs of both the solution-formed and printed SAMs
appeared identical, electrochemical inspection of the SAM integrity showed that the printed

SAMs were inferior, creating a less efficient passivating barrier with more pinholes.
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Rolling the inked stamp over the gold surface rather than positioning it horizontally on the
substrate will vastly improve the consistency of printed SAMs. This second printing process,
which involved rolling the stamp over the surface, created SAMs that were slightly inferior to

those made with solution but could be manufactured in less than a minute instead of 24 hours.3

2.2.3.2 Cyclic Voltammetry of Lipid membrane on the gold array

Cyclic voltammetry was used to assess the blocking of the redox probe from the surface and
by inference the surface coverage of the SAMs as well as the lipid membranes on the electrode
surface. The electron transfer at the electrode interface can occur in several ways; the first being
through the permeation of the redox species into the monolayer, followed by the electron
transfer at the electrode interface. The second interference occurring by the diffusion to defect
sites or pinholes of the electroactive compound and the third source of diffusion by the direct
tunnelling of the electrons through the monolayer.*®

During the oxidation or reduction process, charge transfer occurs on the gold/solution interface
where gold cavity was measured in 10 mM potassium ferricyanide to examine the effect of
surface functionalisation on bilayer support. Figure 2.19 shows CVs of a microcavity array,
one where the top surface is unmodified with the anodic peak being 0.233 V, followed by the
surface modified by 10 mM 6-mercapto-1-hexanol, the anodic peak shifted to 0.321, followed
by the support of a lipid bilayer on the SAM coated array where the anodic peak then shifted

t0 0.342 V.
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Figure 2.19: CVs of a PS lithography microcavity array treated with 10 mM

6-mercapto-1-hexanol on the top surface supporting a DOPC bilayer using LB followed by
vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity array platform.
The grey voltammogram is the unmodified array, red voltammogram is of the functionalised
with 6-mercapto-1-hexanol using a 30 min uCP time with 0.6 Pa pressure and blue is the
support of the DOPC lipid membrane. All electrodes where measured in triplicate using a
standard 3 electrode set up in using 10 mM potassium ferricyanide in 1 M KCI as the

supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCl) at a scan rate of 100 mV/s.

In figure 2.20 after functionalisation using 10 mM hydroxyl terminated PEG thiol, the redox
signal can no longer be seen. This loss in redox signal seen in the voltammogram signifies a
“blocking effect” of the modified surface, which indicates a slowdown of the electron transfer
at the electrode surface. The change in position of the anodic peak of 0.255 V from the
unmodified array to 0.368 V following the functionalisation of the array is more significant to
that of figure 2.20. Furthermore, after the addition of a DOPC membrane onto the array surface,
there is a suppression of the redox signal of the probe which indicates a continuous well packed

membrane which effectively inhibits the permeation of ions to the underlying surface.
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Figure 2.20: CVs of PS lithography microcavity array treated with 10 mM hydroxyl

terminated PEG thiol on the top surface supporting a DOPC bilayer using LB followed by
vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity array
platform. The grey voltammogram is the unmodified array, red voltammogram is of the
array functionalised with hydroxyl terminated PEG thiol using a 30 min pCP time with 0.6
Pa pressure and blue is the support of the DOPC lipid membrane. All electrodes where
measured in triplicate using a standard 3 electrode set up in using 10 mM potassium
ferricyanide in 1 M KCI as the supporting electrolyte and measured from 0 to 0.6 V (vs.
Ag/AgCl) at a scan rate of 100 mV/s.

In figure 2.21, after the functionalisation of carboxylate termini thiol; 6-mercaptohexanoic acid onto
the array surface, there is a shift in the anodic peak from 0.254 V to 0.406 V for the functionalised
array. The probe's redox signal was further suppressed, as predicted, after the assembly of a DOPC

membrane onto the array surface, with the anodic peak shifting to 0.45 V.
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Figure 2.21: CVs of a PS lithography microcavity array treated with 10 mM

6-mercaptohexanoic acid on the top surface supporting a DOPC bilayer using LB followed by
vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity array platform.
The grey voltammogram is the unmodified array, red voltammogram is of the array
functionalised with 6-mercaptohexanoic acid using a 30 min uCP time with 0.6 Pa pressure
and blue is the support of the DOPC lipid membrane. All electrodes where measured in

triplicate using a standard 3 electrode set up in using 10 mM potassium ferricyanide in 1 M

KCI as the supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCl) at a scan rate of

100 mV/s.

Interestingly, for the modified electrodes the hydroxyl terminated PEG thiol supporting a
DOPC membrane was able to suppress ferricyanide access to the electrode to a greater degree
than 6-mercapto-1-hexanol and 6-mercaptohexanoic acid. These results demonstrate that the
DOPC membrane is well distributed on hydroxyl terminated PEG thiols, allowing for a
continuous well packed layer which affectively inhibit the permeation of ions to the underlying

gold surface.
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2.3 Conclusions

Chapter 2 examined the use of SAM functionalised 1.83 um PS sphere lithography microcavity
arrays to support lipid bilayers where the SAM was prepared using a new PCP method to
selectively modify the top surface. A comparison was made between the solution deposition
and the pCP method in functionalising gold surfaces was explored. Cyclic voltammetry was
used to assess the functionalisation of the array on SAM formation at different time pressure
intervals in an effort to optimise UCP parameters.

Aqueous filled microcavity supported lipid membranes were prepared at uniform 1.83 pum
microcavity arrays and their surface coverage was assessed using CV. The magnitude of the
surface coverage of the DOPC bilayer on PEG thiol was much greater than that of
6-mercapto-1-hexanol and 6-mercaptohexanoic acid. EIS stability experiments show that
DOPC membranes supported by the hydroxyl terminus PEG thiol to have greater stability but
a smaller change in membrane resistance in comparison to 6-mercapto-1-hexanol and

6-mercaptohexanoic acid. All the SAMs used in this chapter will be used in chapter 3.
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Chapter 3: The impact SAM on Bilayer
formation and stability at two-photon
polymerised prepared microcavity

arrays
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3.0 Introduction
In this chapter, we explore the prospect of using microfabrication instruments for the

manufacture of microcavity arrays. The microfabrication process produces structures which
can be fabricated within the substrate of a material or on the surface of the substrate through
micromachining.>? This is an easy, reproducible and low cost means of fabricating pore arrays
that eliminates the need for extensive user skill required for PS sphere templating.® To date the
devices have been made and characterised but it has not been established that they can support
a bilayer in analogous fashion to PS sphere templated microcavity arrays. The focus of this
chapter is to establish if bilayer assembly occurs and evaluate suitable surface chemistry
modification method and to assess the stability of the bilayer in comparison to lithographically

prepared arrays.

Here using the same approach to chapter 2, microcontact printing (LCP) is used to functionalise
a two-photon polymerised microcavity array platforms manufactured by photolithography,
allowing the formation of alkanethiols SAMs on the gold sputter coated fabricated array.
Specifically, 6-mercapto-1-hexanol, hydroxyl terminated PEG thiol and 6-mercaptohexanoic
acid were used as SAMs. The differing functional group endings of these SAMs were used to
support lipid bilayers and their overall stability on the platform was assessed by
Electrochemical impedance spectroscopy (EIS), Raman spectroscopy and cyclic voltammetry

(CV) were employed for characterisation purposes.
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3.1 Methods and methods
3.1.1 Materials

Ostemer 322 was purchased from Mercene Labs AB, Stockholm, Sweden.
The rest of the materials are as described in section 2.2.1

3.1.2 Methods

3.1.2.1 Fabrication of two-photon polymerisation cavity arrays

Nanoscribe Photonic Professional GT employs direct laser writing (DLW) two-photon
polymerisation to a UV-Curable photoresist to fabricate structures in the sub micrometre range.
The instruments has two writing modes which moves the laser focus with respect to the
photoresist. A galvo-mode for an ultra-fast layer-by-layer process and a piezo-mode for
arbitrary 3D trajectories. As seen in figure 3.1, the instrument combines an inverted optical
microscope, high speed galvo mirror laser scanner, a femtosecond laser and a high precision

piezo-stage.

Substrate

Resist Immersion
Oil

e

Femtosecond Laser

Figure 3.1: Schematic representation of how a two-photon lithography nanoscribe.
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As described by Sakalys et al. cavities of interest of significant width and depth were developed
on a solid works software.* A 63x objective lens was used to polymerise DLL reagent on a
photoresist glass slide. The array was developed in Propylene glycol monomethyl ether acetate
(PGMEA) solution for 25 min to dissolve the unexposed photoresist. The structure was

developed in NOVEC solution for 2 min to wash out residual PGMEA.

As shown in figure 3.2, the slide was placed onto a primary template mould and covered with
PDMS at a ratio of 10:1 and was desiccated overnight prior to overnight thermal curing at 100
°C. A secondary mould was removed from the primary PDMS template and was thermally
treated at 100 °C overnight. After the overnight curring, Ostemer 322 was mixed at a ratio
521:479 and was desiccated for 1 hr. Following desiccation the Ostemer 322 was then placed
onto the secondary mould and was further desiccated. *4°®” The template was treated for 30
mins at 365 nm, the semi cured Ostemer 322 was removed from the mould, followed by 90 nm
thickness of gold was sputter coated using an Cressington automatic coater onto the array. Post

coating the arrays were thermally cured for 2 days at room temperature.
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Figure 3.2: A schematic representation of how two-photon polymerisation microcavity
arrays platforms are prepared. (a) The DLL was photo treated to form cavities on a glass slide
containing photoresist. (b) The glass slide with the cavities present was cured on a first

primary template and was treated thermally overnight. (c) Ostemer 322 ratio of 521:479 was
mixed and desiccated for 1hr before being added to the primary mould. The mould was
desiccated for 2 hrs at room temperature. (d) The mould was UV treated using a 365 nm
lamp for 30 mins. (e) The substrates were removed from the master mould. (f) The chips

were sputter coated with 90 nm of gold. (g) The chips were then thermally cured for 2 days at

room temperature Schematic representation courtesy of Dr. Rokas Sakalys.

3.1.2.2 Simulations

All simulations in figure 3.4 were performed with a resolution of 8 nm and the conformal
variant 2 was used as the mesh refinement method. Simulations were carried out for cavities
both with and without nanostructures, where the illuminator laser bandwidth was set at 0.02
nm and a central wavelength of 785 nm. All simulations were completed with a zero degree

angle on the laser.

Further experimental procedures and equipment carried out as per chapter 2, section 2.

89



3.2 Results and Discussion

3.2.1 Optimisation of cavity for SERs

Numerical simulations were carried out by Dr Kho Kiang, (Keyes research group, DCU) using
Lumerical finite different time domain (FDTD) solutions software to model the optical
properties of the cavities. This was done to evaluate the regions of highest electric field
enhancement. As seen from figure 3.4, the size, shape, depth and the nanostructure within the

cavities have a great influence on the plasmonic enhancement observed.>8910
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Figure 3.4: Simulations of 2 um cavities at 785 nm. a) Simulation of a cavity with no

nanostructures. b) Simulation of a cavity with nanostructures present. Carried out by Dr. Kho

Kiang.

Figure 3.4 shows the FTDT simulation at an excitation wavelength of 785nm that was
consistent with the previous work carried out by Bartlett et al. and Sakalys et al.?®

Using the cavity and nanostructure dimensions from the simulations, both arrays with and
without nanostructures were fabricated. Figure 3.5 shows scanning electron microscopy (SEM)
images of (a) a top view of microcavity arrays and (b) a side view of a singular microcavity

array following fabrication.
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(b)

12.0kV x55.0k

Figure 3.5: SEM images of microcavity array. (a) Top view (b) Side view of cavity pore.

Courtesy of Dr. Rokas Sakalys.
Figure 3.6 shows SEM images of (a) a top view of microcavity arrays and (b) a side view of a
singular microcavity array following fabrication containing nanostructures present. The fact

that these arrays have near identical measurements from SEM, demonstrates the reproducibility

of the platform.

12.0kV x55.0k
10.0kV x2:3.0k

Figure 3.6: SEM images of microcavity array with nanostructures present. a) Top view with
nanostructures present b) Side view of cavity pore with nanostructures present. Courtesy of
Dr. Rokas Sakalys.

91



To validate the data received from the simulations Raman spectras of DRAQ7 sonicated in
cavities both with and without nanostructures as per figure 3.7 were collected by Dr. Rokas
Sakalys. The concentration of the probe was identical in both cases. The orange spectra is of
DRAQ?7 in a cavity with no nanostructures present and the black spectra is of DRAQ7 which
shows a significant increase in intensity in cavities with nanostructures.

This confirms that the plasmonic field, is greater inside the nanostructured arrays, consistent

with simulation, indicating that the SERS enhancement is greater.
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Figure 3.7: Raman spectra of 5 uM DRAQ7 sonnicated in 2 pM two-photon polymerised
microcavity array both with and without nanostructure using 785 nm excitation line at an

incident laser power of 2.4 mW. The orange spectra is of unmodified cavities and where black

is of cavities with nanostructure present. Courtesy of Dr. Rokas Sakalys
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3.2.2 Characterisation and functionalisation of two-photon polymerised microcavity array

The microfabricated gold microcavities were characterised using SEM to ensure consistency
in pore structure and packing as seen in figure 3.8. The 2 um gold cavity arrays were fabricated
using the master templated method as described in section 3.1.2.1. The images show that the
two-photon polymerised method produced well-ordered compact arrays. This approach uses a
combination of 3D printing and soft lithography methods which produces reproducible
platforms of a submicron resolution unlike polystyrene lithography arrays which requires
intensive user skill due to risk in forming defected regions through multilayers or discontinuity

of sphere packing.

[ 10.0KV x2.00K

Figure 3.8: SEM image of the microcavity array platform.

3.1.2.1 Optimisation of microcontact printing parameters

The modification of the top surface of the microfabricated pore array was carried out in a
similar way to that described for the polystyrene sphere lithography arrays in chapter 2. The
microcontact printing (UCP) parameters were optimised through cyclic voltammograms of
the array functionalised at different time intervals followed by different pressure intervals

were used to evaluate SAM formation via surface blocking.
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In figure 3.9, a PDMS template was functionalised as per section 2.1.2.3 were 10 mM

6-mercapto-1-hexanol was in contact with the microcavity array for 15 min, 30 min and 24

hr time periods followed by characterisation through CV. The AE of an unmodified array

was 0.1 V however, after uCP for 15min, 30 min and 24 hr contact printing, in the

voltammograms there was an shift in the anode peak area was measured at 0.304 V for 15

min, 0.326 V for 30 min and 0.338 V for 24 hr. As there was little difference in the anodic

peak between 30 min and 24 hr voltammogram, the 30 min uCP was used as the parameter

to find the pressure to apply for optimum surface coverage.

Current / A (x10?)

4.0

2.0

Unmodified
—— 15min
—— 30min
— 24hr

Potential / V

Figure 3.9: Comparison of voltammetry of two-photon polymerised microcavities platform
at different uCP time intervals of 10 mM 6-mercapto-1-hexanol using cyclic voltammetry.
Where the grey is no an unmodified array, red is coverage after 15 min uCP, blue is
coverage after 30 min uCP and green is coverage after 24 hr uCP. All electrodes where
measuredusing a standard 3 electrode set up in using 10 mM potassium ferricyanide in 1 M
KCI as the supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCl) at a scan

rate of 100 mV/s.
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Using the 30 min as the fixed time for the uCP, the voltammograms of the arrays modified
using 30 min under different applied pressures ranging from 0 Pa to 1.8 Pa are shown in
figure 3.10. The peak to peak separation of the functionalised array with 30 min uCP with
no pressure was 0.317 V, which is similar to that of figure 3.9. However, after 30 min uCP
with a pressure of 0.6 Pa, a significant increase in surface coverage was intimated as the shift

in the anodic peak potential to 0.328 V.

There was very little change seen in the surface coverage of the modified array after 30 min
with 0.9 Pa uCP and 1.8 Pa voltammograms with the shift of the anodic peak from 0.328 V
to and 0.341 V. The small changes in surface coverage with increasing pressure between 0.6
Pa and 1.8 Pa suggest a plateau in surface coverage has been reached and consequently that

0.6 Pa being deemed the optimum pressure from this study.
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Figure 3.11: Comparison of voltammetry of two-photon polymerised microcavities platform

0.5 0.6

at different uCP pressure intervals of 10 mM 6-mercapto-1-hexanol using cyclic
voltammetry. Where the grey is the CV of 30 min contact with no pressure, blue CV is of 30
min contact with 0.6 Pa, green CV is 30 min contact with 0.9 Pa, and red CV is of 30 min
contact with 1.8 Pa. All electrodes where measured using a standard 3 electrode set up in
using 10 mM potassium ferricyanide in 1 M KCI as the supporting electrolyte and measured
from 0 to 0.6 V (vs. Ag/AgCl) at a scan rate of 100 mV/s.
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3.2.3 Electrochemical Impedance Spectroscopy of Lipid membrane on a printed array

Figure 3.11 shows EIS of an unmodified two-photon polymerised array that was functionalised
by UCP in 10 mM 6-mercapto-1-hexanol for 30 min under 0.6 Pa of pressure which causes an
increase in the resistance of the array. It is seen with the addition of a bilayer onto the array

through the Langmuir-Blodgett method followed by vesical fusion.
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Figure 3.11: Electrochemical impedance spectroscopy Nyquist plot of the fabrication
steps for MSLB, using LB followed by vesicle fusion on a two-photon polymerised
microcavity array modified with 10 mM 6-mercapto-1-hexanol. Grey represents

unfuctionalised microcavity array red represents the microcavity array functionalised in 1-
mercapto-6-hexanol where blue presents the microcavity array supporting a DOPC bilayer.

All measurements were measured in triplicate and conducted using a 30 min uCP time
with 0.6 Pa pressure in PBS buffer at pH 7.4 within the experimental window of 20 hrs. A
standard 3-electrode system at 0 V (vs Ag/AgCl) using an AC amplitude of 0.01 V with a
frequency range of 1 MHz to 0.01 Hz.

EIS was carried out to confirm the formation and stability of lipid membranes on three separate
SAMs using three separate electrodes. EIS can be used to establish the formation of bilayers by
measuring the resistance variation over time.*>213 |f the bilayer film was to be unstable this would

cause a change in the film resistance.
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Representative EIS data are shown in figure 3.13 on DOPC supported 10 mM 6-mercapto-1-hexanol
on MSLB (a) below, the membrane resistance of the DOPC symmetric bilayer was found to be stable
for 8 hrs. The data in (b) figure 3.13 indicates that the impedance response of the SAM significantly

changes after uCP but with very little change after 60 min.
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Figure 3.13: The relative change in resistance of a DOPC bilayer prepared using LB
followed by vesicle fusion on a two-photon polymerised microcavities platform pre-aqueous
filled microcavity array platform modified using 10 mM 6-mercapto-1-hexanol. (b) Nyquist
plot of this substrate, unfunctionalised (grey), post after functionalisation (red), 60 min post

modification (blue) 70 min post modification (green). All measurements were conducted
using a 30 min uCP time with 0.6 Pa pressure in PBS buffer at pH 7.4 within the
experimental window of 20 hrs. A standard 3-electrode system at 0 V (vs Ag/AgCIl) using an
AC amplitude of 0.01 V with a frequency range of 1 MHz to 0.01 Hz.

The arrays functionalised using 10 mM hydroxyl terminated PEG thiol to support a DOPC
membrane were next examined by EIS. A shown in the figure 3.14 below, the membrane
resistance of the DOPC symmetric bilayer was found to be stable for 8 hrs. In comparison to
DOPC membrane stability using 6-mercapto-1-hexanol, the relative change in membrane

resistance is similar to that of membrane stability using hydroxyl terminated PEG thiol.
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Figure 3.14: The relative change in resistance of a DOPC bilayer prepared using LB
followed by vesicle fusion on a two-photon polymerised microcavities platform pre-aqueous
filled microcavity array platform modified with 10 mM hydroxyl terminated PEG thiol. (b)
Nyquist plot of this substrate, unfunctionalised (red), post after functionalisation (grey), 60
min post modification (blue) 70 min post modification (green). All measurements were
conducted using a 30 min pCP time with 0.6 Pa pressure in PBS buffer at pH 7.4 within the
experimental window of 20 hrs. A standard 3-electrode system at 0 V' (vs Ag/AgCl) using an
AC amplitude of 0.01 V with a frequency range of 1 MHz to 0.01 Hz.

The array was functionalised using 10 mM 6-mercaptohexanoic to support a DOPC membrane.
A shown in the figure 3.15 below, the membrane resistance of the DOPC symmetric bilayer

was found to be stable for 5 hrs.
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Figure 3.15: The relative change in resistance of a DOPC bilayer prepared using LB
followed by vesicle fusion on a two-photon polymerised microcavities platform pre-aqueous
filled microcavity array platform modified with 10 mM 6-mercaptohexanoic acid. (b)
Nyquist plot of this substrate, unfunctionalised (red), post after functionalisation (grey), 60
min post modification (blue) 70 min post modification (green). All measurements were
conducted using a 30 min pCP time with 0.6 Pa pressure in PBS buffer at pH 7.4 within the
experimental window of 20 hrs. A standard 3-electrode system at 0 V' (vs Ag/AgCl) using an
AC amplitude of 0.01 V with a frequency range of 1 MHz to 0.01 Hz

Membrane stability results from hydroxyl terminated end groups of both the
6-mercapto-1-hexanol and the hydroxyl terminated PEG thiol yielded similar results in terms
of membrane stability of 8 hrs over a 20 hr period. This was expected as both SAMs terminated
with the same hydroxyl terminated end group. In figure 3.15, 6-mercaptohexanoic acid with a
carboxylic acid end termini had a shorter membrane stability of approximately 5 hrs in contrast
to the hydroxyl terminated SAM.

The Nyquist plots, of 6-mercapto-hexanol, hydroxyl terminated PEG thiol and
6-mercaptohexanoic acid SAM formation on the gold interface was stable after 60 mins which

suggests the difference in stability was due to the SAM end termini.
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The change in membrane resistance between the two hydroxyl terminated SAMs was between
8 to 10 mQ, were as for the carboxylic acid had a much greater change in membrane resistance
between 16 to 18 mQ. The similarity within the stability results within the two sections
indicates that the array developed by electrochemical deposition along with the two-photon

polymerised microcavities both offer a suitable means of supporting lipid membranes.

3.2.4 Determination of Lipid Bilayer formation and stability

3.2.4.1 Surface enhanced Raman Spectroscopy

Similar to section 2.2.3.1, the top surface of the two-photon polymerised microcavity array
platform was modified with 10 mM 6-mercapto-1-hexanol using 30 min puCP under 0.6 Pa.
DOPC lipid membrane was formed using the Langmuir-Blodgett method on the microcavity

array platform followed by vesicle fusion.

After the formation of a DOPC bilayer on the functionalised microcavity array, its presence
and integrity was confirmed using Raman spectroscopy to evaluate permeation of the
impermeable probe DRAQ?7 into the cavities.!* A 785 nm wavelength was chosen as it
coincides with DRAQ7 which is a cell impermeable dye and the anticipated plasmon excitation
for the gold substrates. Figure 3.12 shows a spectrum of a DOPC bilayer supported by 10 mM
6-mercapto-1-hexanol on a microcavity array platform. Initially, a spectrum was taken after

the five hours after bilayer formation with no vibrational modes from the DRAQ7 were evident.

After plasmonic disruption of the membrane, vibrational modes 429, 445 cm™ as well as 1240,
1280 and 1322cm™ which is unique to DRAQ7 are evident which indicates the presence of a
lipid membrane. Vibrational modes 640, 850 and 980cm™ unique to DOPC further indicates
the presence of a bilayer as it forms an effective barrier across the pores that is disrupted on

application of plasmonic heating permitting DRAQ?7 diffusion into the cavities.
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Figure 3.12: Shows an overlay of Raman spectras of a DOPC bilayer with 5 uM DRAQ7
using 785 nm excitation line at an incident laser power of 2.4 mW over two-photon
polymerised microcavity array. The blue spectra was obtained within the five hours after the
formation of a DOPC bilayer, with no DRAQ?7 signatures detected. The black spectra is of
DOPC bilayer after plasmonic disruption were DRAQ?7 signatures seen. The array was

functionalised using 10 mM 6-mercapto-1-hexanol for 30 min pCP time with 0.6 Pa pressure.

3.2.4.2 Cyclic Voltammetry of Lipid membrane on a gold array

Similar to section 2.3.3.2, cyclic voltammetry was used to investigate the surface coverage of
the SAMs and lipid membranes on the electrode surface. Figure 3.16 shows CVs of a
microcavity array, where the top surface is unmodified with the anodic peak being present at
0.250 V, another where the surface was modified by 10 mM 6-mercapto-1-hexanol using 30
min PCP with 0.6 Pa of pressure where the anodic peak shifted to 0.363 V, followed by the

support of a lipid bilayer on the SAM coated array where the anodic shifted to 0.424 V.
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Figure 3.16: CVs of a two-photon polymerised microcavities array with
6-mercapto-1hexanol on the top surface supporting a DOPC bilayer using LB followed by
vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity array
platform. The grey voltammogram is the unmodified array, red voltammogram is the array
functionalised with 10 mM 6-mercapto-1-hexanol using a 30 min uCP time with 0.6 Pa
pressure and blue is the support of the DOPC lipid membrane. All electrodes where measured
in triplicate using a standard 3 electrode set up in using 10 mM potassium ferricyanide in 1 M
KCI as the supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCl) at a scan rate
of 100 mV/s.

In figure 3.17, after the deposition of 10 mM hydroxyl terminated PEG thiol, the redox signal
of the probe was no longer seen. This loss in redox signal seen in the voltammogram signifies
a “blocking effect” by the modified surface, toward the redox probe and is greater compared
to that of figure 3.16. The shift in position of the anodic peak of 0.253 V from the unmodified
array to 0.41 V following the functionalisation of the array using hydroxyl terminated PEG

thiol is 0.157 V in comparison to 0.113 V of figure 3.16.
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Furthermore, after the addition of a DOPC membrane onto the array surface, there is almost
complete suppression of the redox activity of the probe which indicates a continuous well

packed membrane that effectively inhibits the permeation of small ions to the underlying gold

surface.
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Figure 3.17: CVs of a two-photon polymerised microcavities array with hydroxyl
terminated PEG thiol on the top surface supporting a DOPC bilayer using LB followed by
vesicle fusion on a PS lithographically prepared pre-aqueous filled microcavity array
platform. The grey voltammogram is the unmodified array, red voltammogram is the array
functionalised with 10 mM hydroxyl terminated PEG thiol using a 30 min pCP time with 0.6
Pa pressure and blue is the support of the DOPC lipid membrane. All electrodes where
measured in triplicate using a standard 3 electrode set up in using 10 mM potassium
ferricyanide in 1 M KCI as the supporting electrolyte and measured from 0 to 0.6 V (vs.
Ag/AgCl) at a scan rate of 100 mV/s.

In figure 3.18 after the deposition of carboxylic terminated 10 mM 6-mercaptohexanoic acid.
The shift in the anodic peak from 0.250 V to the functionalised array of 0.401 V. Furthermore,
the addition of a DOPC membrane onto the array surface further suppressed the redox signal

of the probe with the anodic peak shifting to 0.43 V.
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Figure 3.18: CVs of a two-photon polymerised microcavities array with 10 mM
6-mercaptohexanoic acid on the top surface supporting a DOPC bilayer using LB
followed by vesicle fusion on a PS lithographically prepared pre-aqueous filled
microcavity array platform. The grey voltammogram is the unmodified array, red
voltammogram is the array functionalised with 6-mercaptohexanoic acid using a 30
min PCP time with 0.6 Pa pressure and blue is the support of the DOPC lipid
membrane. All electrodes where measured in triplicate using a standard 3 electrode set
up in using 10 mM potassium ferricyanide in 1 M KCI as the supporting electrolyte

and measured from 0 to 0.6 V (vs. Ag/AgCI) at a scan rate of 100 mV/s.

The hydroxyl terminated PEG thiol was able to block ferrocyanide oxidation in comparison to
the 6-mercapto-1-hexanol and 6-mercaptohexanoic acid. These results demonstrate that the
DOPC membrane is well assembled on hydroxyl terminated PEG thiol, allowing for a
continuous well packed layer which affectively blocks the permeation of small ions to the

underlying gold surface.
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3.3 Conclusions

In closing, building on the current electrochemical deposited arrays as described in chapter 2,
a two-photon polymerised microcavities platforms offers a unique electrochemical alternative
to investigate SAMs with differing end termini to support lipid membranes. This is a much
needed technique in which stable membranes applied on biomimetic platforms can be used in
the pharmaceutical industry to assess drug membrane interactions. These experiments focused
on improving MSLB by exploring the stability of a DOPC bilayer when various SAMs were
used. These experiments demonstrated that 6-mercapto-1-hexanol was superior as a surface
modifier in comparison to 6-mercaptohexanoic acid and hydroxyl terminated PEG thiol for
bilayer stability. The MSLB platform provides a biomimetic environment allowing for stable
lipid membranes to potentially be used in pharmaceutical and other sectors. EIS stability
experiments show that DOPC membranes supported by the hydroxyl terminated PEG thiol to
have greater stability but a smaller change in membrane resistance in comparison to

6-mercapto-1-hexanol and 6-mercaptohexanoic acid.
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Chapter 4: Future applications of
microcavity array platform
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This thesis focuses on developing a rapid and easy means to selectively functionalise pore arrays
designed for bilayer support with bilayer stability promoted by self-assembled monolayers.
Microcavity array methods were developed and compared at two different pore array substrates
with SAMs with different end terminus through a new microcontact printing (LCP) method.
Chapter 2 details the fabrication of sphere lithography electrochemically deposited array followed
by an investigation of the use of different SAM end termini through uCP to support a lipid bilayer.
Initial studies focused on simple planar gold substrates where it was found the uCP method was
just as effective in surface modification as the solution deposition method. Following the
optimisation of uCP parameters, electrochemical impedance spectroscopy (EIS) stability
experiments shows that DOPC membranes supported by hydroxyl termined PEG thiol to show

greater stability then that of 6-mercapto-1-hexanol and 6-mercaptohexanoic acid.

Chapter 3 describes the transition from the Polystyrene spheres (PS) lithography
electrochemical deposited array towards the fabrication two-photon polymerised microcavity
array. This transition towards the two-photon polymerised microcavity array showed an
improvement in cavity size reproducibility in comparison to the PS lithography microcavity
array. It describes the use of UCP on different SAM end termini used in chapter 2 on lipid
membrane stability. The optimisation of the nanostructures at the bottom of the cavity array
along with hydroxyl terminated PEG thiol allowing for a stable biomimetic environment offers
the platforms use as a drug permeation model in the pharmaceutical sector. EIS stability
experiments showing that DOPC membranes supported by the hydroxyl terminated PEG thiol
to have greater stability and also a smaller change in membrane resistance in comparison to
6-mercapto-1-hexanol and 6-mercaptohexanoic acid.

Cyclic Voltammetry, (CV) also demonstrated that the DOPC membrane was continuous and
well packed on hydroxyl terminated PEG thiol in comparison to 6-mercapto-1-hexanol and

6-mercaptohexanoic acid on both platforms.
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In chapter 3 drug permeation studies would be the next logical step after the optimisation of
the stability of lipid membranes on the two-photon polymerised microcavity array. Next, it
would be interesting to compare drug permeation of a lipid bilayer spanned over two-photon
polymerised microcavity array platform supporting cells. Figure 4.1 below shows CVs of gold
cavity array platforms functionalised using Collagen 1V through pCP in 10 mM potassium
ferricyanide at different time intervals while figure 4.2 shows cyclic voltammograms of

microcavity array platform using 30 min uCP time using different pressures.
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Figure 4.1: Comparison of voltammetry of two-photon polymerised microcavities platform
at different uCP time intervals using Collagen IV. Where the grey is no an unmodified array,
red is coverage after 15 min uCP, blue is coverage after 30min uCP and green is coverage
after 24 hr uCP. All electrodes where measured using a standard 3 electrode set up in using
10 mM potassium ferricyanide in 1 M KCI as the supporting electrolyte and measured from
0t0 0.6 V (vs. Ag/AgCI) at a scan rate of 100 mV/s.
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Figure 4.2: Comparison of voltammetry of two-photon polymerised microcavities platform
at different uCP pressure intervals of Collagen 1V using cyclic voltammetry. Where the grey
is the CV of 30 min contact with no pressure, red CV is of 30 min contact with 0.06 Pa, blue
CV is 30 min contact with 0.3 Pa, green CV is of 30 min contact with 0.6 Pa, purple CV is of

30 min contact with 0.9 Pa and gold CV is of 30 min contact with 1.2 Pa. All electrodes

where measured using a standard 3 electrode set up in using 10 mM potassium ferricyanide

in 1 M KCI as the supporting electrolyte and measured from 0 to 0.6 V (vs. Ag/AgCl) at a

scan rate of 100 mV/s

Collagen is the most common protein within the body which provides structural support in
connective tissue. It is abundant in the extracellular matrix and behaves as a signalling
beacon through biomolecular interactions.!? The functionalisation of the two-photon

polymerised array with the natural protein scaffold further improves the biomimetic

properties of the array.
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Figure 4.3: Confocal imaging of A549 cells on two-photon polymerised microcavity array
functionalised using Collagen IV using 30 min uCP under 0.6 Pa and 10 uM Dppz — Ar —
BODIPY courtesy of Darragh O’Connor. The excitation and emission wavelengths (Aex /

Aem) were 498/511-570 nm.
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