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Abstract

The aims of the collaboration project, of which this project plays a key part, are to establish
a new field of “low-dimensional chemistry” in order to synthesize manipulate and
characterise the components of the photosynthetic system of Rhodobacter Sphaeroides. At
a fundamental level, the physical processes involved in membrane biochemistry are to be
investigated. Specifically, the environment in which the light harvesting components are
found, their structure and function, including proton gradient formation, diffusion
mechanisms, electron transport and the molecular association between them were to be
studied.

“The ultimate goal of the collaboration project was the reconstruction, on a chip in a
synthetic low-dimensional system, of the complete photosynthetic pathway of the
bacterium Rhodobacter Sphaeroides.”

The creation of a homogeneous, fluid, polymer supported lipid bilayer to contain and
maintain the integrity of these proteins, whilst under investigation, was a key part of the

project.

To create this successful system many polymer brush supports were examined, which were
anionic, cationic and zwitterionic polyelectrolytes. Some were pH responsive and some
were fully charged and did not change with pH. The properties of a range of lipid vesicles
were studied using DLS, so that the zeta potential of the liposomes could be measured and
then tuned specifically to be attracted to the oppositely charged polymer brush surfaces. It
was found that at very low charge (a zwitterionic lipid vesicle or surface) no vesicles were
attracted. At very high charge (a highly cationic or anionic polymer or lipid vesicle) vesicles
were attracted to the surface, but remained intact and did not fuse to form a bilayer. These
highly charged combinations of surfaces and vesicles created an intriguing “de-quenching
halo” effect, which is worthy of further investigation. At a specific point of low to mid-
charge interaction a fluid bilayer was formed on a brush which had a surface of low charge
and was interacting with a charged vesicle. The successful polymer brush support was
created using a short novel amino acid polycysteine methacrylate brush, which is pH
responsive and can be micro-patterned. The vesicles used were composed of 25 mol %
DOTAP, a cationic lipid, in combination with a zwitterionic POPC lipid. The diffusion
coefficient of the bilayer deposited on the brush was measured using FRAP and found to
match the rates measured for lipid bilayers on glass, which is considered to be the

“standard” for comparison. The mobile fractions also compared very well to this standard.
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AFM scans showed a homogeneous surface and break-through force measurement

confirmed a bilayer of 5 nm in thickness, as expected for a single bilayer.

Attempts were subsequently made to incorporate proteins into this system by a number of
methods, including creating proteoliposomes containing light harvesting components from
the Rhodobacter Sphaeroides. The most promising of these was the development of a
“one-step detergent depletion method” for creating a solubilised bilayer, adding protein
and rinsing away the detergent in a single experiment. The characterisation of the system
by TIRF, dark field and AFM microscopy was indicating success and paves the way for future

work.

In testing the polymer brushes as candidates for supporting a lipid bilayer, one with the
potential to be used to create compartments in a corral for segregating the individual
protein components of a light harvesting bacterium was also confirmed. This protein and
lipid resistant Poly(2-(methacryloyloxy)ethyl phosphorylcholine), will facilitate the study of
their function, by micro-patterning. In conjunction with the PCysMA this system has the
potential be used to create corrals between these compartments which allow the free
movement of ions between the proteins. The long term goal is to generate energy

following light absorption by the proteins.

The project is truly multidisciplinary and has presented the opportunity for collaboration
between researchers in the disciplines of physics, chemistry and biology. The work
presented here combines knowledge of membrane biophysics with polymer chemistry, and

protein biochemistry.
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1. Introduction

1.1. The Low-Dimensional Chemistry collaboration project

This thesis reports on research which contributes to a collaboration project between the
University of Sheffield and the University of Leeds. The project brings together scientists
with a range of skills, with the aim of re-creating photosynthesis in a laboratory by
manipulating natural and man-made components on a nanoscale. The biologists will
disassemble the light harvesting bacterium Rhodobacter Sphaeroides (Rh. Sphaeroides) into
its component parts and then make genetic modifications to improve its light harvesting
efficiency. Chemists will create artificial low-dimensional polymer based environments in
which to reassemble these components to study their structure. Finally, physicists will
create an artificial membrane to encapsulate the components, measure their functionality
and create images of the structures using atomic force microscopy (AFM), fluorescence
correlation spectroscopy (FCS) and other tools.

The aims of the collaboration project, which is ongoing, are to establish a new field of “low-
dimensional chemistry” in order to synthesize manipulate and characterise the
components of the photosynthetic system. Further, the hypothesis that these low-
dimensional molecular structures will exhibit very different properties and behaviour from
bulk molecular phases may yield new insights into fundamental processes.” At a
fundamental level, the physical processes that are involved in membrane biochemistry will
be explored. The group will specifically look at proton gradient formation, diffusion
mechanisms, electron transport, and the molecular association between the light
harvesting components.

“The ultimate goal of the project will be the reconstruction, on a chip in a synthetic low-
dimensional system, of the complete photosynthetic pathway of the bacterium Rhodobacter

Sphaeroides.””

1.2. Rhodobacter Sphaeroides and the study of light harvesting

The structure of the bacterium Rh. Sphaeroides is shown in Figure 1.1, indicating the
approximate construction and location of the key light harvesting protein components,
light-harvesting 2 (LH2), light-harvesting 1 (LH1), reaction centre (RC), Cytochrome bcl (Cyt
bcl) and adenosine triphosphate (ATP) synthase, which are embedded within the cell
membrane, a lipid bilayer. The functions of the components are described below in Figure

1.2.
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Figure 1.1: Schematic of the Rh. Sphaeroides with light harvesting complexes distributed
around it in a lipid bilayer membrane. LH2 complexes are shown as green rings. The LH1-
RCs are seen as dimers (red circles of LH1) with blue reaction centres within them. Cyt
bcl and ATP synthase are visible beneath the main structure.!

The simplified schematic, in Figure 1.2., taken from work by Cogdell et al., 2 shows the
energy pathway in a purple photosynthetic bacterium, such as the Rh. Sphaeroides from
light absorption to its storage in adenosine triphosphate (ATP). (The structures do not
represent the actual organisation of the components). Two light harvesting complexes, LH2
and LH1 absorb photons and the excitation energy passes to the reaction centre (RC) where
charge separation follows. The excited bacteriochlorophyll dimer in the RC, transfers an
electron to a secondary acceptor, Qg. The Qg picks up two protons from the cytoplasmic
space to create the reduced quinol, QH,. Quinol is oxidised by cytochrome c2, and the
cytochrome bcl complex. Two protons are then released into the periplasmic space. As
protons are pumped across the membrane, a substantial transmembrane proton gradient
is created. The redox cycle is completed when the oxidised bacteriochlorophyll is reduced.
Finally ATP synthase rotates to accumulate sufficient protons to convert adenosine
diphosphate (ADP) into adenosine triphosphate ATP, by adding a third phosphate group. To
release the stored energy the phosphate group is removed by hydrolysis of ATP back to
ADP.?
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Figure 1.2: Simplified schematic of the energy absorption and proton transfer processes
in a purple photosynthetic bacterium, such as the Rh. Sphaeroides, which leads to the
production of stored energy as ATP. The light harvesting complexes, LH2 and LH1, absorb
photons and the excitation energy passes to the reaction centre where charge separation
follows. The cycle follows a redox reaction involving quinol, whereby protons are
released into the periplasmic space. Finally ATP synthase utilises the protons of this
transmembrane proton gradient to convert ADP to ATP. 2

In order to investigate and mimic this process, the project researchers will create a low-
dimensional, nanoscale, construction similar to that shown in Figure 1.3. The boxes in
Figure 1.3., represent a schematic version of the planned reproduction of the natural

process shown in Figure 1.2.
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Figure 1.3: A simple plan for the outcomes of the project. This scheme is based on the
creation of the corrals, using polymer brushes, which will contain the light harvesting
proteins and house the surrounding bilayer medium in which the components
ubiquinone, protons and electrons can diffuse between the proteins.

The components of the light harvesting system are shown contained in the grey boxes

which will form a series of ‘corrals’ fabricated from polymer brushes. The corrals are joined



by narrow channels (indicated by the arrows), also created by polymer brushes. The
channels, allow diffusion of the transport molecules such as ubiquinone, protons and ATP
(shown in red). The scale of this construction will be measured in nanometres and the
manipulation of proteins will also take place at low-dimensions, even at single protein
level. These size restrictions set a huge challenge for project.

In order to maintain the integrity of the proteins, lipid bilayers (which are discussed in
more detail in Chapter 2) will be incorporated into the ‘corrals’ at all stages. This will be
done either by: 1) using the polymer brushes, which are resistant to lipids, as the boundary
walls of the container or 2) depositing the lipid bilayer directly onto the brush or 3)
surrounding a protein tethered to nanoposts within the corral. The light harvesting
membrane proteins of LH2, LH1-RC, Cyt bcl and ATP synthase will be incorporated into the
bilayers within these corrals. The diffusion of quinones and protons between them, via the
channels, will then be measured. Ultimately the production of ATP will generate the energy

output, measured by the activation of luciferase.”

It can be seen from this that lipid bilayers are vital components in this construction in order
to maintain the integrity of the proteins being investigated. The creation of homogeneous,
fluid polymer-supported lipid bilayers is thus an integral part of all of the work packages

making up this project and is the essence of the work presented in this thesis.’

1.3. The cell membrane

The lipid bilayer, making up a natural cell membrane, has been described as one of the
basic building blocks of life, the humble container for the important molecules of life as
exemplified by the Rh. Sphaeroides in Figure 1.1. More significantly, a greater role of the
membrane lipids has now been recognised as an integral part of cellular function. ®7 8
Embedded within the cell membrane are many proteins, ion channels and pumps. Together
these allow the membrane to transport small molecules, passively transport others and
provide a barrier to unwanted molecules.

The study of membrane proteins has been a very important research area since 1964,

when Singer and Nicholson ° proposed the fluid mosaic model for the cell membrane

structure and began work on studying the proteins associated with it.



1.4. Cell membranes on planar solid supports

McConnell and co-workers *° were responsible for the ground-breaking work in trying to
create a model system wherein a bilayer membrane would self-assemble on a planar
surface. This would allow proteins to be incorporated into the bilayer and studied using a
comprehensive array of microscopic and surface analysis techniques. From their inception,
planar-supported lipid bilayers (SLBs) have provided useful model systems for studying: the
role of membrane composition, the function of membrane proteins in 2D systems and in

1112 13 14,

the development of ion channel-based sensors. Taking the phospholipids and
proteins from a natural membrane and assembling them on a glass substrate creates a
practical model system for delving into the natural world of protein function. From a simple
starting point work began to expand its capacity, to produce lipid bilayers on other surfaces
which might allow the re-assembly of the membrane with its proteins into something that

more closely mimics nature.

1.5. Cell membranes on ‘non-solid’ supports

When a model lipid cell membrane is formed on a planar solid surface, it is typically
separated from the surface by a thin water layer of 0.5 to 1.0 nm thickness.'” However,
many membrane proteins have large extra-cellular domains that protrude above and below
the bilayer, making it likely that these extra-membranous domains may interact adversely

817 A number of approaches have been explored to

with the underlying solid support.
provide an appropriate spacer between the underlying solid support and the lipid
membrane over the past three decades. So far no single strategy has provided a model
system which would support a fluid bilayer and allow the incorporation of functional
proteins.

Maintaining the natural cell's structure is the cytoskeleton®®, which is bound by the lipid
membrane, keeping the organelles in place. It is composed of microfilaments of monomeric
actin and microtubules of dimeric tubulin, which have many of the properties of a dynamic
biopolymer.* In their natural state the cells also maintain a separation of between 10 and
100 nm via an extra cellular matrix and a cell-surface glycocalix. ° In principle, hydrophilic
polymer brushes could play a similar role to the cytoskeleton or glycocalyx and provide a
potential support system for a lipid bilayer. As will be shown in Chapter 2, some of the early
lipid membrane supports followed this model.

The properties required of a polymer brush would be to present a hydrated support that

would interact minimally with any incorporated transmembrane proteins (TMPs), whilst



providing a robust support for a mobile bilayer. The underlying hydrated polymer brush
would also provide a suitable ‘reservoir’ to allow the diffusion of ions and small molecules,
which could transfer only via the incorporated TMPs. In an ideal system the interaction
mechanisms by which the bilayer formed on these polymers would be understood and
could be applied to other support systems.

Shown in Figure 1.4, is a detailed depiction of the corral containing Cyt bcl shown in Figure
1.3. This construction approach would offer opportunities to incorporate all the light-
harvesting proteins in the design of a biomimetic energy capture system as described
above. It would also act as a platform for studying protein function, protein interactions

with small molecules or as sensors in clinical diagnostics.
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Figure 1.4: Schematic of the polymer brush supported lipid bilayer, as part of the system
shown in Figure 1.3. This shows an incorporated transmembrane protein, Cyt bcl, with
the corral boundary walls provided by a lipid resistant brush.

1.6. Thesis orientation

In order to provide the supported lipid bilayers on the protein resistant polymer brush, the
results of incubating different lipid vesicles on a range of anionic, zwitterionic and cationic
polymer supports are presented. The possible interactions taking place between the
polymer brush and lipid vesicles/bilayer are also discussed. This has resulted in the
publication of work to produce a successful novel polymer brush supported lipid bilayer.
The system was then developed further in attempts to find an efficient method to
incorporate light harvesting proteins into the system, as depicted in Figure 1.4.

Presented in Chapter 2 is the background to the mechanics of the self-assembly process on
planar substrates. This includes a discussion of the lipid-surface interactions which will
support the discussions in the results sections. There follows a literature search of previous

work on lipid bilayers deposited on polymer supports.



Chapter 3 explains the theoretical aspects of the key analysis methods used to characterise
the lipids, the polymer brushes and the results of the deposition of lipid vesicles onto the
polymer brushes. It covers polymer theory, as well as the methods, such as dynamic light
scattering (DLS) used to characterise the lipid vesicles and polymer surfaces. Also covered is
fluorescence recovery after photobleaching (FRAP), which is vital to characterising the
interactions between lipids and the polymer brushes.

In Chapter 4 the experimental details are recorded for creating lipid vesicles, and
incubating these on polymer supports. The methods for the attempts to incorporate light
harvesting proteins are covered here also.

The first results Chapter (5) shows the detailed experimental results and discussions for the
work on zwitterionic and anionic polymer brush surfaces. This covers the testing of the zeta
potentials of the lipid vesicles and the characterisation of the polymer brush candidates
tested for supported bilayer formation. This chapter concludes with the results of testing
the incubation of lipid vesicles on polymer brushes in order to create fluid lipid bilayers.
Following this, in Chapter 6, attempts to introduce proteins into this new polymer
supported bilayer system can be found, following a number reconstitution routes.

Chapter 7 reports on characterising the lipid vesicles and the experimental work done in
attempting to form bilayers on cationic polymers, in a similar way to the work in Chapter 5.

Finally, in Chapter 8 the work is summarised and future work is suggested.
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2. Background

2.1. Introduction

This background information chapter is divided into three sections. In the first of these (2.2)
the basics of the cell membrane will be introduced along with the lipids which form a major
role in the cell membrane structure through their ability to self-assemble into a number of
useful containment structures. Following this, the second section (2.3) will delve into the
world of the self-assembly of lipid bilayers onto solid substrates which provides a very
important introduction to the behaviours of lipids, vesicles and bilayers on planar
supporting surfaces, underpinning the work in this thesis. The value of this work has been
vital to many areas of fabrication science that find applications in diverse research from
medicine to artificial energy creating systems.! Expanding on this, in the third section (2.4)
systems will be discussed which are specifically relevant to the research being done here

and are examples of other polymer-supported lipid bilayer systems.

2.2. Lipids and self-assembly

2.2.1. Cells and lipids

2.2.1.1. Introduction

The lipid membrane plays a key role in this fabrication project and creating the appropriate
membrane environment to support functioning proteins is critical to its success. The
schematic in Figure 2.1 shows the plasma membrane of a representative cell. The cell
membrane is a lipid bilayer composed of a large number of different lipids, which are
amphiphilic, having an ionic headgroup with hydrophobic chains attached.’ They provide
the environment for incorporated membrane proteins. The membrane is bound on one
side by the glycocalyx and on the other (intracellular) side by the cytoskeleton. A natural
membrane, in addition to lipids and proteins, contains cholesterol in a ratio of between 20

t0 50%. >
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Figure 2.1: Schematic model of the cell membrane showing a cell and highlighting the
composition of the membrane and details of the lipid bilayer. Image copied from ref. 4.
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Figure 2.2: Examples of the structures of lipids found in a cell membrane showing the
hydrophilic headgroups and hydrophobic chains. Image copied from ref. 5.

2.2.1.2. Lipid acyl chains

The phospholipid molecule is based on glycerol (see Figure 2.3) which has undergone
esterification to attach two fatty acids (long chain hydrocarbons) to the first and second
carbons. ° The fatty acid chains form the hydrophobic part of the molecule. There are many
variables for the composition and length of the carbon chains and the nomenclature
applied includes a reference to the chain length of the carbon backbone, position and
conformation of any double bonds. These are generally cis (and not trans) in nature (see
oleate in Figure 2.2). This creates a kink in the chain, affecting the packing of lipids, their
fluidity in the membrane and lowering the transition temperature. Chain lengths for the
fatty acids vary between two and thirty six, usually with an even number of carbons and
with the most common having between sixteen and eighteen.” In experimental work using
lipids it is important to select those in the appropriate phase. To form fluid bilayers at room
temperature, the lipid will need to be in the fluid phase, so lipids like 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) or 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
which have acyl chain lengths of 18 carbons and one (in POPC) or two (in DOPC)

unsaturated bonds, are preferred. Lipids such as 1,2-dimyristoyl-sn-glycero-3-
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phosphocholine (DMPC), shown in Figure 2.3, have been extensively used in the literature,
but have a melting temperature higher than room temperature and typically will have acyl

groups of chain length of 14 carbons with no unsaturated bonds.

2.2.1.3. Lipid headgroups

To complete the basic structure of the phospholipid the phosphate (from phosphoric acid)
attaches to the third (hydroxyl) oxygen of the glycerol. Other groups can be added to the
head group to complete its ionic characteristics. The head groups of phosphocholine (PC)
and phosphoethanolamine (PE) lipids are zwitterionic which means that they have both a
positively charged quaternary amine group (choline) and a negatively charged phosphate
group (see Figure 2.3). The headgroups phospho-(1'-rac-glycerol) (PG), and phospho-L-
serine (PS) are negatively charged. These charged lipids have negatively charged phosphate
(PO,) or both a phosphate and an acid group (COO ‘) in the headgroup respectively, and no
amine functionality. There are no positively charged membrane lipids occurring in nature, *
however, the cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) is
commonly used in experimental work which has been synthesized to include a quaternary

amine group.
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POPC (16:0-18:1 PC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) showing

the constituent groups glycerol, phosphate and choline. °

DOPG (18:1 (A9-Cis) PG 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

(sodium salt). *°
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Figure 2.3: The structures of the commonly used lipids, POPC, DOPG, DOTAP and DMPC.
Images taken from Avanti lipids online.

Shown above, in Figure 2.3, are the chemical structures of three lipids used in these
studies, POPC, DOPG, DOTAP, with DMPC shown for completeness. The formula for POPC

shows the three building blocks, a glycerol, two fatty acids chains and an ionic headgroup.

2.2.1.4. Micelles and vesicles

The useful activity, structure and fluidity of lipids in a bilayer, in vesicle or planar form, are
seen only when it is fully hydrated. However, the hydrophobic tails of the lipid molecule,
held together by van der Waals interactions, cannot readily insert into the quasi-ordered
hydrogen bonding network ™ of the water, without disrupting the hydrogen bonds. Any
consideration of the mechanisms of self-assembly must consider the interaction free-
energies and geometry of the molecules along with the thermodynamics of the whole

Error! Bookmark not defined.

system. Critical to the self-assembly process is the behaviour of lipids

interacting with water.
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Figure 2.4: The structure of the liposome, micelle and planar bilayer and the packing
parameter pf the single and long chain lipids. Image from ref. 14.

The hydrophobic effect is the observed tendency of non-polar substances like these lipids
to aggregate in aqueous solution and excluded water molecules.” Water molecules
naturally form a three dimensional network of hydrogen bonds between the protons and
oxygen atoms of adjacent molecules. The introduction of a non-polar substance which,
cannot form hydrogen bonds, will disrupt this network. To minimize this disruption, the
water molecules will reorganize around the non-polar solute. The rearrangement creates
an ordered layer of water molecules, which are more constrained. This leads to a loss of
translation and rotational entropy of the water molecules, making the process
unfavorable. By aggregating together the “hydrophobic” molecules reduce the surface
area exposed to water and thereby the entropic cost of introducing the hydrophobic
component into the aqueous phase. The free energy of such a transfer has both enthalpic
and entropic components, given by the Gibbs free energy equation:

AG =AH —TAS (2.1)

Thus amphiphilic lipid molecules when added to water will organise themselves to
minimise the contact between the hydrophobic chains with the water, whilst maximising
the contact of the ionic headgroups with it. They will do this most effectively by forming

into a spherical ‘micelles’ or 'vesicles'. In the latter The external water facing layer is
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composed of the ionic headgroups and the interior contains the hydrophobic chains. The
water restructures itself to form a solvation shell around the outside of the vesicle.'®* ** *°
This hydrophobic effect is one of the most important non-specific interactions in biology for

2021 A full discussion of this topic is

folding and creating proteins and lipid bilayers in water.
not possible here but the reader is referred to recent texts e.g. Israelachvili 3" edition.
p151-7.%

As a result of the above effects amphiphiles in water will form structures which are
governed by the acyl chains attached to the polar headgroups. The packing parameter,
which directly relates to this the shape, is calculated from the surface area of the lipid, g,
the volume occupied by the hydrophobic chain v and the critical length of the acyl chain /.
There are a number of shapes which could satisfy this parameter.? For the assembly of

micelles, which contain only one layer of lipid molecules, the surface area must be large,

satisfied by the molecules having a large headgroup area and one small hydrocarbon tail

Nonlameltar inveried
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volume.

Figure 2.5: Diagram indicating the geometrical space occupied by lipid molecules with
different acyl chain lengths and the structures created by aggregation of lipids and
detergent molecules. (a) Highly disordered, kinked chains, (b) Straighter chains, forming
bilayers and (c) Detergent molecules which form micelles. Image copied from ref. 23.

A pyramid shaped space will be occupied by this structure (Figure 2.5 (c)).** If lipid
amphiphiles have relatively small headgroups and two bulky hydrophobic chains they
cannot pack into micelles and will prefer to form bilayer vesicles/membranes.”” These have
two layers of lipids with adjacent hydrophobic chains. In this case v/al is close to 1, the
chain length occupies an area twice that of the amphiphiles and is more cylindrical (Figure
2.5(b)).?* The concentration of amphiphile molecules required in solution to cause a
transition into micelles or vesicles is the CMC, critical micelle concentration. This decreases

with increasing hydrophobicity of the molecule. Thus the CMC for micelle formation is
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higher than that for forming vesicles. * The doubling of chains increases the

hydrophobicity which lowers the CMC. It also increases the 'residence time' of molecules
within the aggregate, which means that micelle constituent molecules will exchange with
free molecules in solution more frequently than those of the lipids which form a ‘bilayer’

Error! Bookmark not defined.

vesicle.

2.2.1.5. Lipid bilayers

Lipid bilayers, the lamellar version of the lipid vesicle, are one of the most useful
biomimetic systems and can be fabricated using many compositions of lipids, both natural
and artificial. In addition to the factors which affect self-assembly, discussed above, there
are some specific considerations to be taken into account when selecting lipids for
experimental work.

The phase behaviour of a lipid bilayer, which is determined by its acyl chain structure, is of
great significance in biology and consequently of research into lipid membranes.” The
bilayer (lamellar) states can be liquid ordered, liquid disordered and gel phase with a
characteristic phase transition temperature i.e. the point at which it changes from the gel

(solid) to the fluid (liquid) phases, shown in Figure 2.6. %
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Figure 2.6: Shows the phases of a lipid bilayer. S is the order parameter of the acyl chain
D is the diffusion coefficient. The liquid ordered phase has the order of a solid, but is very
fluid. a) L4 diffusion is >1 but low chain order b) the gel phase, has diffusion is >1 with
high chain order c) The gel phase is highly ordered with low diffusion <0.001. Image taken
from ref. 26.

The lipid molecules of the bilayer in the two liquid phases are restricted to movement in
two dimensions in both cases, but have a 'random walk' diffusional degree of freedom
around the bilayer.”’ Emphasis is placed on the fluid states to achieve the goal of this work
on polymer supported lipid bilayers. One of the important and fundamental properties of
this fluidity is that small defects in the bilayer will be re-sealed by the motion and
rearrangement of the lipids. The significance of this for the natural cell membranes,
containing proteins, is in the ability of the cell membrane to create a 'giga seal'i.e.>GQ and
a large capacitance ~2 pF/cm? *® This is vital to ensuring that the transfer of ions takes
place only via the medium of the inserted proteins. This gives absolute control to the cell
membrane (and its components) over the chemical composition of the cells' internal and
external environments. There is a third motional freedom for the lipid molecules within the
membrane whereby they will 'flip-flop', exchanging places between leaflets of the bilayer.
This is a limited activity when compared to the diffusion in the flat plane because the ionic
headgroup will need to traverse the hydrophobic core of the lipid bilayer, an activity which
is energetically unfavourable.? This flip-flop activity, though limited, has been found to
have a significant effect in charged systems, such as when a charged lipid is used to form a
bilayer on an oppositely charged support, where an electrostatic driving force is at work.
The non-bilayer states, such as the hexagonal or cubic phases relate to membrane events
such as pore formation, cell fission and fusion, which are transient states and will not be
expanded on here.*

Van der Waals forces are the main interactive force between the acyl chains of the lipid
molecules in the bilayer and this interaction strength is what governs the phase behaviour.

3132 The longer chains have a greater interaction area and hence a greater interaction
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strength, which will restrict the movement of the individual lipids. As a rule of thumb a
shorter chained lipid will have fewer points of interaction with its neighbours and will have
more freedom of movement. The degree of saturation of the chain also has an effect in
that an unsaturated cis bond will create a kink in the chain creating a disturbance in the
packing of the lipids in the bilayer (see Figure 2.2).This will reduce the proximity of the next
lipid, weaken the van der Waals attraction and make the bilayer more fluid. > As examples,
the transition temperature (Tm) for a chain length of 18 carbons with no double bonds will
be 80 °C. For a chain length of 18 with 1 double bond it will be 1 °C.

Natural membranes are composed of more than one type of lipid with different phase
behaviours. This allows lipids of different types, those in the liquid phase and those in the
gel phase, to accumulate as areas of separate phases.*®> One consequence of this is that
certain proteins will partition into a specific phase, allowing concentration of that protein in
one area of the natural membrane.® A discussion of the lipid membrane would not be
complete without mentioning cholesterol. As shown in Error! Reference source not found.,
it has an area of fused rings attached to a short acyl chain, which gives it a rigid structure,

significantly disrupting the local lipid packing.

This section described the character and properties of lipids and their self-assembly into
micelles, vesicles and bilayers. A more detailed study of the self-assembly of bilayers on

solid substrates now follows.

2.3. Bilayers on solid supports

2.3.1. Introduction

In an ideal case, the spreading of vesicles (composed of the appropriate lipids, like POPC)
onto a hydrated solid support is followed by adsorption of the vesicles onto the surface,
rupture and spreading to form a defect free, fluid bilayer (Figure 2.4, lower image) . This
process creates a flat bilayer ‘sheet’, two molecules thick, in which the individual lipids
maintain a structure where the ionic head-groups face to the water side, the proximal
leaflet facing the substrate and the distal leaflet facing into the liquid) with the
hydrophobic lipid tails to the interior. Provided the sample is maintained in a hydrated
environment the individual lipids will freely diffuse in 2D around the membrane area which
will be defect free and stable. This simple and reproducible method potentially provides a

suitable platform for the incorporation and study of membrane proteins.
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Model cell membranes can be prepared on solid supports which are usually silicon oxides
or gold depending on the characterization method or end use to be employed. The
characterisation methods available for studying planar bilayers on solid supports are:
nuclear magnetic resonance (NMR),**, Fourier transform infrared (FTIR), ** surface plasmon
resonance (SPR),* neutron scattering,’’ quartz crystal microbalance with dissipation QCM-
D, * AFM, * and FRAP ®

Presented in this section are some examples of work done to establish how good bilayers
can be formed and insights into the mechanisms behind their formation on solid supports
(SLBs), which may inform the deposition of lipid bilayers on polymer supports, presented

later.

2.3.2. Bilayer formation
2.3.2.1. Introduction

Since the pioneering work on planar supported lipid bilayers by McConnell,* ***

extensive
research has been done to develop this useful model system for studying the role of

44 45 46 47 A vesicle

membrane composition and the function of membrane proteins.
interacts with a planar surface by a combination of long-range attraction and short-range
repulsion forces which include electrostatic interactions, van der Waals, hydration and
steric forces.”* At the boundary edge of the adsorbed vesicles there is a balance in play
between the adhesive and bending stresses.* Boxer’s group ** made important early
contributions to the experimental work by finding that the process of bilayer formation is
affected by the surface charge, chemical composition and roughness of the surface, taking
into account the vesicle composition, charge and size. Two other groups have made
significant contributions, headed by Brisson and Kasemo having studied the bilayer
formation process in depth both experimentally and using simulations. Finally, the
composition of the surrounding solution (ions, pH and ionic strength, temperature) plays
an important role.>° 1 >2 3>

Despite many years of research the process is still not fully understood to a point where the
bilayer deposition on solid supports can be translated directly across to the production of
bilayers on ‘non-solid’ supports like polymers. The discussion which follows begins with an

overview of the bilayer formation process, followed by work done in understanding the

mechanisms and conditions involved.
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2.3.2.2. The bilayer pathway

Early theoretical work on the possible interactions between vesicles and surfaces was
presented by Seifert > in the 1990s, later confirmed by Reviakine *° and also developed
mathematically by Blount. >’ Seifert and Lipowsky presented theoretical data and described
the vesicle shapes possible for a range of different bending and adhesive stresses. This
work suggested that vesicles interacting strongly with the surface would spread out to
maximize the interaction area, creating a highly unfavourable bending energy and
facilitating vesicle rupture.®® Seifert also suggested that the propensity of vesicles to
rupture depended on their size, so that below a critical size they would not rupture.
Reviakine *° used AFM to study bilayer formation on mica from zwitterionic vesicles. They
also found that the outcome depended on vesicle size and concentration and that small
isolated vesicles (<25 nm) remained intact, but larger vesicles ruptured to form a bilayer
when higher concentrations of vesicles were present. They proposed that different bending
moduli were applicable to the different sized vesicles.

Keller ®° and Zhdanov ®” combined QCM-D and SPR with computer simulations to establish
that surface bound vesicles, during the bilayer formation process, required 'critical vesicle
coverage' and that the stress of deformation of vesicles in close proximity would induce

rupture. This early work was followed by Brisson’s group ®* ©

who studied the adsorption
process of vesicles on a mica surface using QCM-D and AFM and proposed four
‘qualitatively different’ pathways for bilayer formation after the application of lipid vesicles
to a planar surface. In the first case, with a low surface coverage, a complete bilayer is
produced, as shown in Figure 2.7 (A). A fluid bilayer would also be formed by vesicle fusion
but required a higher surface coverage, as seen in (B). The third variant is that a vesicular

layer is adsorbed but does not fuse into a bilayer (C). The final pathway is that no vesicles

adsorb onto surface (D).
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Figure 2.7: Four possible outcomes following the incubation of lipid vesicles on a solid
surface. Image copied from ref. 61.

Following through the successful bilayer formation pathways A and B (in Figure 2.7) further
work by Brisson’s group suggested four possible mechanisms for bilayer formation driven
by the interactions between lipid vesicles and the support, those between adsorbed

vesicles and also the molecular interactions within adsorbed vesicles.

(B) (C) (D)

Figure 2.8: Mechanisms of vesicle rupture: (A) an isolated adsorbed vesicle ruptures
spontaneously, driven by its support-induced deformation; (B) neighbouring adsorbed
vesicles fuse and eventually rupture; (C) the active edge of a supported bilayer patch
induces the rupture of a neighbouring vesicle; (D) the cooperative action of several
neighbouring vesicles leads to the rupture of a first vesicle (at the critical vesicular
coverage). The active edge thereby exposed triggers the rupture of adjacent vesicles.
Image copied from ref. 63. ¢! ©

According to Brisson,>® the critical steps begin with the attraction between the vesicle and
the surface, (Figure 2.8) which requires a balance between the adhesion energy and the

cost in curvature energy when the vesicle flattens onto it. When a ‘critical coverage’ of
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vesicles is reached on the surface, the interaction between them is short ranged as they
will be confined together in a limited space. The deformation induced stress between the
vesicle and support, enhanced by the proximity of other vesicles, induces rupture. Growth
of the bilayer takes place by fusion of the unfolded vesicles, as the edge, which is exposed
by each vesicle after rupture, is thermodynamically unfavorable. Gozen et al. © found that

for a circular patch of bilayer the edge energy is
EEdge = 2717”)/ (22)
R is the radius of the patch and Y is the edge tension. *

The formula for the bending energy is given below.
E, =412k + E) (2.3)
Here « is the bending modulus and K is the Gaussian modulus. © If the bending energy

cost is greater than the edge energy, then a bilayer will form. If the bending energy is

lower, a vesicle will be the most stable option.®

Figure 2.9: A “trapped” vesicle. The surface-bound vesicle is located sufficiently far away
to remain unaffected by the bilayer edges though close enough to prevent the edge-
induced rupture of other vesicles from solution. Such an arrangement inhibits the further
propagation of bilayer growth, leaving trapped vesicles as defects. Image copied from ref.
62.

This fusion process can be prompted by the proximity of other bilayer patches or nearby
vesicles where the proximity effect appears to be twofold: a) to ensure a sufficient
concentration to cause rupture and b), to ensure a supply of new vesicles in the area to
ensure that there are no gaps between bilayer edges which may inhibit full bilayer
formation. Richter ®* proposed that a trapped vesicle could remain separated from the
bilayer edge and prevent rupture in that region (Figure 2.9), causing a defect. Zhdanov et
al. *” suggested that when a 'critical coverage' of vesicles is reached on the surface many
vesicles will be closely confined. If the vesicles are not able to move across the surface
there will be extra stress induced, which ruptures the vesicle. If vesicles can roll across the

surface some of the stress will be released so it becomes important that a critical coverage
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is achieved. ®” As vesicles rupture, the active edge of the bilayer patch will slide across the
surface and will catalyse the rupture of more vesicles in the vicinity. ® However, Richter
argued that the lateral movement of the vesicles and bilayer were required to ensure the
interaction of the edges of patches, reducing the line tension and facilitating full bilayer
formation. Weirich et al. followed the formation of bilayers from DMPC.® The results
suggested that vesicles rearranged on the surface, moving around in thermal motion as
more vesicles adsorb before they rupture and fuse. They further suggested that vesicles
can desorb as fusion takes place as they are not as readily attracted to the forming bilayer

surface as they are to glass.

2.3.2.3. The effect of vesicle charge

The experimental work presented later in this thesis focusses on the use of charged vesicles
interacting with charged and uncharged polymer surfaces. It was therefore necessary to
research in some detail the work presented in the literature on charged lipid vesicles
interacting with charged solid surfaces.

8170 studied the effect of adsorbing negative (DOPS),

Richter, working in Brisson’s group,
neutral (DOPC) and positively charged (DOTAP) onto an anionic (quartz) surface using
QCM-D. Positively charged DOTAP vesicles appeared to rupture when in isolation on the
negatively charged support and formed a bilayer at concentrations lower than for the
neutral or negative vesicles (Figure 2.8, path A). This was suggested to be the result of the
vesicles electrostatic attraction with the surface combined with the reduced stability of the
isolated vesicles. The bilayer formation and spreading appeared to follow slowly, which
they attributed to vesicle-vesicle repulsion. Vesicles with neutral (DOPC) or 25% charge
(DOTAP:DOPC or DOPS:DOPC) required a greater coverage of vesicles before rupture would
occur (Figure 2.8, B). Vesicles of 50% DOPS did adsorb onto the surface but remained as a

vesicular layer. When incubating vesicles of high negative charge (65% DOPS) there was no

adsorption at all, with electrostatic repulsion between the vesicles playing a dominant role.

The effects of the vesicle charge on vesicle deformation were investigated by Kasemo's

. . . 71 . . . . . .
group using simulations. '~ They investigated the result of vesicles interacting with an
anionic silica surface and varied the vesicle charge progressively from negative to positive.
They found that the adsorption kinetics and bilayer formation changed from a) no
adsorption to b) a layer of adsorbed vesicles c) a bilayer produced from a critical coverage

of vesicles to d) spontaneous rupture of vesicles without full coverage, as defined earlier by
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Brisson’s group. Dimitrievski ’* found that when a vesicle approached the (anionic) silica
surface that the positively charged lipids were attracted and negative ones repelled, as
expected (shown in Figure 2.10). Dipolar (zwitterionic) PC lipids, however, were weakly
attracted as there was a dipole in operation within the lipid arising from the cationic amine
group being closest to the surface. This, they suggested, allowed some measure of
electrostatic interaction to take place with the surface. When the vesicle approached the
surface there was an energy cost and the deformation took place at the expense of elastic
energy. There was clearly a balance to be reached when the interactions between surface

and vesicle were moderately attractive.
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Figure 2.10: lllustration of the 2D model of an adsorbed vesicle. The different bead types
are initially randomly distributed within the vesicle, and then rearrange upon adsorption
according to energy minimization (corresponding to electrostatic interaction with the
surface and lateral diffusion of lipids within the outer leaflet of the lipid bilayer in real
vesicles). Image taken from ref. 71.

When a vesicle is oppositely charged to the surface it could rupture spontaneously without
requiring a critical coverage.®® However, if strongly attracted to the surface the patches
may not be mobile, which appeared to be an important requirement to create a mobile
bilayer. For >40% p-type there was evidence of spontaneous rupture. In the latter instance
the group suggested two possible unfolding scenarios. The first was where the vesicle
ruptured at one end, leaving it attached to a bilayer patch and the second where it
ruptured at both ends. In the second case it may leave a bilayer patch with another one

floating above it, which may be adsorbed onto the first patch.

Looking further into the interactions of the lipid headgroups with solid surfaces, Fortunelli
2 performed a detailed simulation to elucidate the effects of three types of lipid: DOPC,
DOPS, DMTAP interacting with titanium oxide surfaces. They found that the DOPC lipid has
a zwitterionic headgroup with no net charge but has a dipole moment, containing four

reactive oxygen atoms which allow the lipid to form coordinated and H-bonded complexes
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with the surface and water. The DOPS headgroup has an acidic group and a total of 6
reactive oxygen atoms allowing a stronger involvement in H-bonding to water and surface -
OH groups. DOPS headgroups are also able to form inter-lipid H- bonds via -NH3" and -C=0
or, less commonly, -P=0. The carbonyl oxygen atoms form mono or bi-dentate
coordination with the surface titanium atoms and the -NH5" groups can bridge to the
oxygen atoms on the surface using hydrogen bonding. They further found that the most
stable attachments appeared to be where the lipid carboxyl oxygen atoms are rigidly
pinned to the surface and -NH;" groups interact with the surface hydroxyls. The DMTAP
headgroup has a positive charge with 2 reactive oxygen atoms, but its interaction is
dominated by the bulky -N(CHs); group, which causes steric hindrance, so this moiety stays
near the surface. These molecules have only two active carbonyl oxygen atoms and the
binding is ruled by long-range electrostatic interactions between the amine and the

surface. 2

Jackman et al., ”® following on from work done by Tero, 7 were curious to understand the
reasons why the interaction between titanium and vesicles was stronger than that between
glass and similar vesicles. They considered that on hydrophilic substrates silica and mica,
vesicles adsorbed and ruptured to form a bilayer, whereas on titanium oxide and gold,
vesicles will adsorb and remain intact. On hydrophobic substrates like self-assembled
monolayers lipids will form a monolayer. They looked at the charge interactions between
vesicles and titanium oxide surfaces. Jackman concluded that electrostatic attraction was
insufficient to cause vesicle rupture. The group considered a combination of DLVO forces
and a repulsive hydration force. Further, they found that the hydration force accounted for
short-range repulsion at < 2nm separation, with an equilibrium being observed at 1.8 nm.”
At separations below 3 nm the interaction would be strongly attractive van der Waals with
weak hydration repulsion. They suggested that the processing technique may attenuate the
hydration force because a lower density of surface hydroxyls would be less capable of
forming a hydrogen bonded water layer. ”®

1.*® worked on

Proposing three options for vesicles spreading on the surface, Wu et a
simulating the shapes of vesicles adsorbing onto the surface and their interactions with
charged surfaces. They suggested that stages began with intact vesicles, followed by partial

disintegration of vesicles and, finally, full SLB formation. Wu compared the shapes achieved
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for three interaction energies with the surface: 5, 10 and 16 kgT, looking at the extremes of

the angles between the vesicle edge and the surface as shown in Figure 2.11.
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Figure 2.11: Changes in the deformation of vesicles as the surface interaction is increased.
Image copied from ref. 48.

Vesicles were seen to deform more at high (surface) potential interaction strengths which
increased the contact area with the surface. They found that the vesicles adsorbed,
flattened, then a pore formed at the lower edge near to the flattened area where the
deformation is greatest where there is, what they described as 'packing frustration'.
Following this the vesicle top shrank and the pore size increased and the bilayer formed.
Although the group were working with a planar solid surface this is an interesting concept
and may translate to the interactions between charged vesicles and charged polymer

surfaces.

2.3.2.4. The effect of buffer ions, osmotic pressure and pH on bilayer
formation

Presenting a view of the bilayer formation process on planar surfaces, Boxer’s group *° and
also Johnson and co-workers ® created a phase diagram (Figure 2.12) which demonstrated
how successful vesicle fusion was influenced by the ionic strength and pH of the buffer. The
egg-PC vesicles were slightly anionic (by using a charged fluorophore) and the surface was
also anionic (glass). Fusion occurred at low pH or high ionic strength if vesicles are slightly
negative and the surface was glass (also negatively charged). Adsorption was inhibited at

higher pH and lower ionic strength.
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Figure 2.12: The phase diagram for the influence of ionic strength and pH for A) similarly

charged surface and vesicles B) oppositely charged vesicles and surface. Image copied
from ref. 49.

The solution conditions did not affect the vesicle fusion when the vesicles and surface were
oppositely charged and at all ionic strengths and pH the fusion is successful. The role of the
buffer in the attraction of vesicles to the surface was further considered by Cha et al.”’
who demonstrate that even for zwitterionic lipids the electrostatic interaction is critical in
controlling the adsorption and fusion of lipid vesicles and that the outcome was strongly
influenced by the buffer composition (Figure 2.13). On both positive and negative SAM
layers with a high surface charge density (>80%), neutral lipids would form bilayers.
However, they found that when using uncharged lipids on a less charged surface that a
‘large’ buffer ion (e.g. Tris, CsHs(OH)s-NH;") having an opposite charge to the surface,
prevented bilayer formation. They suggested that the electrical double layer repulsion
created by the large counterions was the cause. If the lipids used were oppositely charged
to the surface, this critical dependence was not observed. Using a positively charged lipid
with a negative surface, a fluid bilayer was formed with either buffer. It was possible to aid
the adsorption of negatively charged vesicles to the similarly charged surface by adding
Ca”* ions which act a fusogen between the carboxylate or phosphate groups of the lipids
and the surface.>® The completion of the bilayer in this case required excess vesicles to be

available from the surrounding suspension. ®’
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Figure 2.13: Schematic illustration of the influence of large buffer counterions in solution.
Image copied from ref. 77
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Cha also added salt (NaCl and CaCl,) to the buffer to evaluate how that modified the
result, an effect also studied by Seantier and co-workers, ® who specifically related the
dependence of bilayer formation on monovalent and divalent ions. They found that the
divalent ions are effective in much lower concentrations than mono-valent ones. They
found that critical vesicle coverage varied depending on the ions which affect the vesicle-
surface, and vesicle-vesicle interactions, by screening or bridging the charge effects. The
literature indicates that a stabilising effect is important when binding of the ions to the
POPC lipids takes place as the ionic strength is increased. This promotes bilayer formation
by enhancing vesicle-surface and vesicle-vesicle interactions. The divalent ions form a
bridge between the surface and the lipid headgroups, and it was also suggested ° *° that
the presence of calcium may decrease the thickness of the water layer, increasing the

adhesion between the vesicle and the surface.

Three groups looked in detail at the osmotic effects and whether excess pressure inside or
outside of the vesicle would influence the rupture mechanism. Hain and co-workers 3!
used the principle that hyperosmotic stress within the vesicle will induce water to enter
from outside, whereas hypo-osmotic levels within the vesicles cause the water to be
expelled. They found that high osmotic pressure outside the vesicle did affect the
deformation of the vesicle but the pathway of vesicle rupture was not affected by these
osmotic pressure changes. The effect of changing the internal osmotic pressure of vesicles

1.2 who observed that the change in osmotic condition did not

was also studied by Zhu et a
affect the vesicle height. Zhu concluded that the deformation by close contact with other
vesicles was more important in causing rupture. The change in osmotic pressure was
concluded to have little effect per se on the vesicles fusion process, which confirmed work
done by Boxer. However, the change in vesicle shape caused by the change in osmotic
pressure may aid the fusion process. Jackman et al. >* demonstrated that they could
influence the rupture pathway by changing the osmotic pressure outside the vesicle. They
found that zero salt outside the vesicle would produce a vesicular layer, whilst 1M salt

outside the vesicle would induce rupturing without the requirement for critical vesicle

coverage, a result which was suggested earlier by Reimhult.®

The effect of changing pH was studied further by Frank’s group ® who looked at the
differences in adsorption and rupture of POPC vesicles onto silica and titanium substrates,

following the kinetics by QCM-D. They reported that under acidic pH the vesicles and the
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solid surfaces were near neutral, suggesting that adsorption was not electrostatically
driven. However, electrostatics influenced fusion and bilayer propagation, more so with
titanium than silica surfaces in order to form a bilayer. At higher pH intact vesicles were
adsorbed, at lower pH a bilayer is formed, but the pH needed to be more acidic (pH3) for
titanium than for silica. The kinetics of adsorption on silica changed to one step kinetics (i.e.
immediate rupture) at low pH 4 with a difference in action being observed depending on
the vesicle size. It was suggested that van der Waals, hydration and steric forces are at play

with silica, but that there is some additional electrostatic requirement with titanium.
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Figure 2.14: Zeta potential of oxide nanoparticles measured in 1 g/L NaCl solution,
indicating that titanium oxide (triangles) has an overall lower zeta potential than silicon
oxide (squares). Titanium oxide has a lower isoelectric point of ~ pH 5 compared to that
of silicon oxide at ~ pH 7.5. Image copied from ref. 85.

At alkaline pH vesicles were adsorbed onto both surfaces, without fusion. The vesicles on
titanium were more easily removed than those on the silica under these conditions. The
zeta potential measurements ® indicated that titanium oxide had a lower zeta potential
than silicon oxide, as shown in Figure 2.14.

In summary, a significant volume of work has been done which studied the effect of
osmotic pressure and pH on the rupture process. There is no agreement within the
literature as to whether the change in NaCl concentrations affects the rupture process. The
research perhaps favours the view that it may influence the rupture/bilayer formation
pathway, once vesicles have adsorbed, by changing their shape, rather than creating the
initial conditions for adsorption. The effect of pH has been demonstrated by considering

the effect on the electrostatic interactions between the vesicles and the surface. The buffer
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pH was further suggested to determine whether vesicles on the surface would fuse or

remain intact.

2.3.2.5. The effect of temperature

During the process of testing the polymer brush systems, shown later in Chapter 5, it
became evident that increasing the temperature during bilayer formation contributed to
the success of at least one system. An investigation of the literature revealed a number of
studies looking at the effect of increased temperature on lipids, vesicles and on bilayer
formation.

83 86 87 investigated the effect of temperature on bilayer formation over a

Kasemo’s group
temperature range of 278 to 313 K. Using QCM-D they found that the minimum frequency
and maximum dissipation shifts decreased with increasing temperature, suggesting that a
lower concentration of vesicles was needed on the surface for fusion to take place when
the temperature was elevated. They specifically showed that the adsorption kinetics were
temperature dependent and that a higher surface concentration of vesicles was required at
lower temperature for vesicle fusion to take place. They measured the vesicle to bilayer
activation energy to be 5 kcal/mol.

QCM-D was also used by Reviakine and other groups * * *°

to study the effect of
temperature on the deformation of DPPC and DMPC vesicles. They found that there was
greater deformation of the vesicle at higher temperatures and that this deformation would
aid rupture. To counter this argument, Cho and coworkers ** considered that there was a
disadvantage with using QCM-D is that the amount of trapped water measured by this
method would vary with temperature, making accurate readings difficult. Cho used SPR
and found that an elevated temperature of 50 °C would cause some deformation in the
DOPC. Adsorbed vesicles undergo shape changes by interacting with the surface and with
nearby vesicles,

Wi’

Kl

0= (2.4)

Where W is the contact energy per unit area, r is the ‘un-deformed’ radius of the vesicle
and k is the membrane bending rigidity. If Q is large the vesicles will be easily deformed and
more likely to rupture.” **

The lipids used in this study have high transition temperatures (T.,) and would pass

through the transition point in the temperature range studied, causing a phase change
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from gel to fluid. The lower T,, lipids, such as POPC and DOTAP would not pass through this
phase change during that temperature range. Pan et al.,>* studied DOPC vesicles and
bilayers using X-Ray scattering in the temperature range 15C ° to 45 °C and they found that
the area per lipid increased from (70 to 75 A) and the bilayer became thinner as the
temperature increased.

To summarise the work done on the effect of temperature there is some disagreement as
to the accuracy of the measurements made using QCM-D. The majority of the work has
been done using higher T,, lipids and it is difficult to translate this work to all lipids, such as
those with lower T,,. This is because it follows the effect in increasing the temperature
(from room temperature to 50 °C) on bilayer formation through a change in phase from gel
to fluid. One relevant argument may have been made by Pan, however, who suggested
that there a greater volume is occupied by the individual lipids causing the vesicles’

deformation to increase when they are heated.

2.4. Polymer supported lipid bilayers

2.41. Introduction

A brief and initially unremarkable looking paper on the incorporation of polymeric
analogues into lipid vesicles was presented in 1984 by Helmut Ringsdorf's group, subtitled
"How to bridge the gap between Polymer Science and Membrane Science". At that point he
was making the rather radical suggestion that chemists may be encroaching on the "foreign
grounds" of bio-membranes. It is common practice today for science projects to be funded
which encourage an alliance between the sciences, medicine, mathematics, engineering
and more. Collaborations are such an obvious common sense idea that his 'radical' idea
sounds anachronous, made as it was 30 years ago at the dawn of the polymer supported
bilayer era.

More interesting is the fact that the ideas and results presented in this and associated
papers are forward thinking (as discussed below) and begs the question why research in
the field has not yet achieved its full potential. So far no model surface of a membrane
spacer, with all the properties required to mimic the natural cell and to support the

incorporation of proteins for functional testing, has yet been published.

Within this section of the thesis the background to the fields of polymer-supported lipid
membranes will be described. Studies on the use of natural macromolecules similar to
those found in the extra- and intra-cellular matrices will be introduced first. The second

body of work to be considered is the extensive use of polyethylene glycol (PEG) and its
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derivatives. This leads logically from the work on natural systems and develops the idea
that lipopolymers can create hydrophobic tethers into the bilayer membrane in a similar
way to the natural cholesterol and glycolipids. Thirdly, the body of work on polyelectrolyte
monolayer brushes (PELs) is covered, into which group the experimental work presented in
this thesis fits. This body of literature is explained in some detail, as the findings from this
are not only relevant to the preparation but also to the discussion of the results (both
positive and negative) of the interactions between the polymers and lipids. Finally, this
group of PELs is extended to include polyelectrolyte multilayer brushes (PEMs) where
polymer films have been prepared using charged polymers in alternating layers, to aid the
control of the polymer support properties and electrical charge. Some of these examples
link back to the first group of ‘natural’ membrane supports. Again, the aim of highlighting

these systems is to inform the understanding of the results presented in this thesis.

2.4.2. Natural polymer systems

This review begins by presenting a number of systems where the researchers have
modelled their polymer supports on aspects of the cell glycocalyx, which has amongst its
components the glycolipid, as shown in Figure 2.15 In its simplest form this membrane
support structure includes a lipid fatty acid chain, which inserts into the lipid membrane
and a sugar group which extends into the aqueous environment outside the cell. The
systems presented below are based on naturally occurring polymers and the work shows
how the understanding of the requirements for a successful polymer supported bilayer

system has developed.
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Figure 2.15: Basic glycolipid structure of the cell’s glycocalyx. Image copied from ref. 95.

1.°® referred to the need to combine the properties of natural cells

The work of Buschl et a
with the durability of polymer membranes. Planar lipid bilayers at the air-water interface
are less stable than the natural systems they mimic. In order to increase the stability they
created liposomes from lipid-diene-lecithin (Figure 2.16), the diene component being

polymerised by UV, which created stability within the vesicles.
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Figure 2.16: Chemical structure of the synthetic membrane mimic used in early work by
Buschl. Image taken from ref. 96.

The discussion concluded by demonstrating the incorporation of ATP-synthase which was
found to be fully functional in the more stable polymeric form of the liposomes. ’
Following from this observation, Spinke et al.”® attempted to solve a series of practical
problems which were evident from this earlier work. The first was that the system needed
to be prepared on a planar support, rather than as a liposome, in order to take advantage
of new characterisation methods being developed. They also considered that the method
of preparing bilayers, by Langmuir Blodgett deposition (LB)* was a problem as protein
incorporation into the bilayer was not possible using this process. To add to this, the solid
substrate was considered too rough for the deposition of a fluid bilayer. They proposed
that these issues could be solved by preparing bilayers which were bound to, but
decoupled from a solid surface by inserting a flexible polymer layer between the glass
substrate and the lipid. To this end they prepared co- monomers with various
functionalities which covalently linked to the solid surface (Figure 2.17). This methacrylic
terpolymer with a hydrophilic side chain and disulfide group acted as a functionalised self-
assembled monolayer (SAM), chemically attaching to the substrate and providing tethers
into the initial lipid monolayer. A bilayer was subsequently completed by fusing lipid
vesicles of DMPC at T>T,,. The DMPC vesicles were doped with biotinyl - PE and binding

experiments with streptavidin were performed to confirm that a bilayer had formed.
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Figure 2.17: Methacrylic terpolymer used by Spinke. Image taken from ref. 98.

Following this work Baumgart et al. *®

were the first to attempt to form bilayers on
chitosan, a naturally occurring linear polysaccharide. They used the Langmuir
Blodgett/Langmuir Schaeffer (LB/LS) '®' method to deposit lipid bilayer membranes on
agarose (as a control) and chitosan using lipids containing DMPC, egg-PC and cholesterol.
Thin chitosan films were prepared by spin coating onto silicon wafers and measured, by
ellipsometry, about 140 nm dry length. Small unilamellar vesicles SUVs were prepared by
tip sonication and the lipids were allowed to incubate on the polymer surfaces 'for several
hours'. The group discovered that a fluid, stable bilayer could be formed on chitosan, but
not on agarose. They suggested that the chitosan, with a positive zeta potential generated
by the glucosamine segments, interacted with the choline headgroup of the lipid. '® They
cited ease of preparation and control of thickness as advantages of this system, but did not
incorporate any protein into it.

In similar work, done by Goennenwein, 103 cellulose, also a natural long chain
polysaccharide, was prepared by LB deposition into glass. Vesicles of 1:1 DMPC:DMPG
containing blood platelet integrin receptors, were fused directly onto the surfaces of both a
glass control and the cellulose coated glass. This method of preparing the bilayer
overcomes the above mentioned disadvantage of using LB deposition for lipids, which does
not support the incorporation of proteins. A homogenous lipid bilayer was formed on the
cellulose substrate with a diffusion constant for the integrins of 0.6 pm” s™ and a mobile
fraction of 25%. The diffusion rate for the lipids was 3.3 pm” s with 77% recovery This was
10 times faster than was observed for a similar system directly on glass where the integrins
in the bilayer were virtually immobile. A protein was successfully incorporated in this
system and it was mobile, however, the cellulose was not covalently linked to a support

and had limited stability.
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The next stage of development for the above work using natural polymers was to ensure
that there was control over the length of the polymer cushion and that it was covalently
linked to the surface to add stability. Dextran, a naturally occurring branched
polysaccharide, was covalently attached to glass via an epoxy link by Elender et al.*®* They
prepared silanised glass using an epoxysilane (4-aminobutyl-dimethylmono-methoxysilane
(ABDMS),) (annealed at 75°C). This was then reacted with a photochemical N-
Hydroxysuccinimide and (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride)
(NHS-EDC) linker, followed by soaking in a 30% Dextran solution. This produced a 0.8 nm
dry film, measured by ellipsometry. They suggested that some control of the dextran
thickness would be afforded by including a passivation step by soaking in water to

deactivate some of the silane -OH groups with which the dextran reacts.
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Figure 2.18: Coupling of dextran to epoxy silane on silicon surface. Image copied from ref.
104.

The final mean film thickness was about 3 nm, which increased to ~60 nm in water. The
dextran became smooth when swollen and suitable for supporting a lipid bilayer which
they created using 20% cholesterol-DMPC by LB/LS. The cholesterol created a higher
bending modulus than pure DMPC, (when poor quality bilayers formed,) which they
proposed would suppress the repulsive undulation forces. The diffusion rate of 2.8 um?s™
compared well to the rate of free bilayers of this cholesterol-DMPC mixture on glass alone.
This method was developed further by Floyd and co-workers,'® who used vesicle fusion to

prepare a bilayer.
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Figure 2.19: Schematic of influenza virus deposited onto dextran polymer cushion, taken
from ref. 105.

They incorporated an influenza virus onto a 100 nm Dextran cushion and studied its fusion

with the bilayer as shown in Figure 2.19.

In summary, the use of naturally occurring polymers has overcome some of the challenges
of creating a polymer supported bilayer system and may have characteristics in common
with the environment of the cell membrane in nature. There is evidence that a suitable
length of cushion, covalently coupled to the substrate has been produced. Mobile bilayers,
prepared by vesicle fusion have been formed and a protein incorporated, however these
characteristics are not all present in any one system. Furthermore, the brush length, chain
chemistry and environmental response to pH and temperature have not been

demonstrated to be controllable in these systems.

2.4.3. Polyethylene glycol (PEG) and tethered systems

The systems presented in this section are polymers, chemically attached to a solid surface
and incorporating a lipid-like molecule. The lipid anchor molecule provides a link between
the polymer and the lipid bilayer by inserting into the hydrophobic core of the bilayer. A
number of these are based on PEG which has been used extensively to create protein
resistant surfaces on medical devices.'® It does not interact with the planar glass
substrates used as supports for the polymer supported bilayer systems ' and water is a
good (theta) solvent for the polymer. '® Because there is no interaction between the PEG

and the substrate, a method of tethering the two by attaching lipid anchors to the PEG
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molecule (a phospholipid-PEG conjugate) was required. This can be achieved by covalent

attachment it to the silica substrate using an ethoxysilane monolayer (SAM).

Wagner and co-workers ® presented a PEG based tethered polymer supported planar
bilayer system onto which they reconstituted laterally mobile proteins of cytochrome b
and Annexin V. PEG2000-DMPE-triethoxysilane(DPS)monolayers, shown in Figure 2.20,
were spread onto a glass surface, using the Langmuir Blodgett method. This created a
covalent link to the silica surface on deposition. The concentration of polymer used was

consistent with producing a collapsed polymer regime at low chain grafting density.
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Figure 2.20: A schematic of the PEG polymer system and below it the structure of the
PEG-silane-lipid used to insert into the lipid bilayer, taken from ref. 108.

(The polymer characteristics are explained fully in Chapter 3.1). Proteoliposome vesicles of
a 9:1 mixture of POPC:POPG lipids and protein were extruded and fused onto the dried
polymer layer. The FRAP data showed diffusion rates for the lipids of 0.8 to 1.0 um”s™, and
similar rates for the proteins, but only 25% of the proteins were mobile. They concluded

that the lipids had coupled to the polymer.

109
/

In a development of this system Hwang et al.” “studied a glycoacrylate polymer, shown in

Figure 2.21, which has properties similar to the natural glycocalyx.
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Figure 2.21: Schematic of a benzophenone functionalized silicon surface to which is
attached a glycoacrylate polymer, supporting a lipid bilayer. The structures of the SAM
and polymer are shown beneath. Images are taken from ref. 109.

A lipopolymer monolayer was formed by LB transfer of the DODA-poly(D-glucose-2-
propenoate), telechelic lipopolymer (GH24000), which was linked by a photochemical
reaction to the benzophenone functionalized surface. A range of polymer concentrations
(mixed with egg-PC lipid) was tested. This created a spacer of ~¥11 nm which had attached
to it a double acyl chain lipid moiety which would insert into the proximal leaflet of the
bilayer. Finally the distal leaflet was created by the fusion of egg-PC vesicles prepared in a
10 mM Tris buffer at pH 8 with 100 mM NacCl. Following a series of FRAP experiments, it
was seen that the lateral fluidity and mobile fractions of bilayers decreased when the
percentage of GH24000 tether within the lipid was increases in a linear fashion. A control
on glass whereby the same lipids were deposited in glass produced a diffusion coefficient
of 5 um?* s™.However, when using the polymer system with 5% GH24000 combined with

egg-PC this rate had fallen to less than 2 um?*s™.



40

Kaufmann et al. **° also investigated the formation of supported lipid bilayers on a PEG
tether. They stated that whilst vesicle fusion on PEG in the mushroom regime has been
successful (as demonstrated by Wagner above), in the brush state it is less so and they

wished to address this.
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Figure 2.22: Schematic of the process for PEG-SLB self-assembly. Liposomes incorporating
a low percentage of lipids with PEG chains attached to their headgroup self-assembled on
the SiO2 surface and fuse into a PEG-SLB. The final structure features PEG chains on both
sides of the lipid bilayer. The chemical structure of a PEG(5)-PE lipid is also shown. Image
taken from ref. 110.

Kaufmann used vesicles of POPC, prepared by extrusion, containing a range of mol ratios
(from 0.25 to 3 mol%) of PEG-PE. The group found that 0.5 mol% PEG(5000)-PE gave the
best diffusion rate, of 2.6 um?®s™. QCMD showed that PEG-PE lipids alone do not rupture to
form a bilayer and that increasing the PEG-PE acts as a barrier to rupture, as demonstrated
in Figure 2.22. They concluded that PEG-SLB formation works at low concentrations of PEG-
PE lipids, in which the PEG takes on a collapsed configuration, which does not create as
much space as the extended brush configuration. The compromise the group reached was
to use a low concentration of PEG 5000 which gave an adequate spacer layer with
reasonable lipid mobility.

In an alternative application of a PEG polymer brush, Roder et al. ** formed a membrane
by fusing vesicles of DOPC, sphingomyelin and cholesterol on a PEG polymer brush. The
vesicles were incubated on the PEG brush, which was attached to a glass substrate which
had been functionalised with palmitic acid (PA). Initially there was no diffusion of the lipids
detected by fluorescence recovery, only surface bound vesicles. The addition of a PEG
solution to this result did induce fusion and resulted in phase separated lipid domains.

Roder then separated the lipids into liquid ordered and liquid disordered domains within
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the bilayer. Their premise was that the density of the tethering groups (a result of the
density of the polymer chains on the surface as shown in Figure 2.23), determined the

phase separation of the bilayer which in turn influenced the diffusion rate of the lipids.

Figure 2.23: The cartoon, taken from ref. 107, depicts the interpretation of the observed
differences in the staining with different lipid-phase markers (green stars, DiD; red stars,
AF647CTX). (c) Relative distributions of different lipid-phase markers between the

apparent lyand lo phases observed for (red) PA and (green) OA-tethered membranes. !

Diffusion in the lipid disordered domains was ~3.1 umz/s, while for the ordered domains it
was ~0.4 um*/s. They incorporated a transmembrane helix (IFNAR1) (Figure 2.23) which
diffused well in the liquid disordered domains, however an immobile fraction of the protein

was observed. The protein was not found in the liquid ordered phase.

Following up on the use of cholesterol, it was found that this had been used in earlier work

1. *** who developed microcontact printed (20 x 20 um) “wells” on a gold

by Jenkins et a
electrode. These were formed by “inking” a polydimethylsiloxane (PDMS) stamp with
cholesterolpolyethyleneoxy thiol (CPEO3) molecules. The wells were then backfilled with a
mercaptoethanol SAM layer. Subsequent incubation with extruded egg-PC lipid vesicles (of
90 nm diameter in BaCl,) created a bilayer into which the cholesterol molecules inserted

and acted as a tether, as shown in Figure 2.24.
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Figure 2.24: Structures of mercaptoethanol SAM and the cholesterol tether molecule
cholesterolpolyethyleneoxy thiol (CPEO3) used to form a tethered bilayer membrane
using eggPC lipid vesicles. Image taken from ref. 112.

The combination of the SAM and bilayer created a layer which supported the incorporation
of a channel forming peptide (gramicidin) and an ion transporter (valinomycin), which were
both found to be functioning after incorporation.

The final example of a PEG supported system Oijen et al. '3

produced mobile bilayers by
incorporating cholesterol into the lipid formulation. The results showed good lipid diffusion
rates for the lipid bilayer and the transmembrane proteins incorporated in it. They
prepared the system by coating glass coverslips with an APTES SAM and coating them with
the lipid-PEG conjugate PE-PEG/mPEG at an optimum 5:95 ratio. Increasing the ratio
showed a tendency to produce stacked bilayers. The lipids DOPC:cholesterol in an 80:20
ratio, were spin-coated directly from isopropanol, onto the lipid-functionalised PEG brush.
A HEPES buffer was used to rehydrate the lipid. Following this polymer preparation step,
proteoliposomes (DOPC,DOPE and DOPG) with glycophorin A incorporated into them were
deposited onto the spin coated lipid layer (Figure 2.25). This process was aided by using

high molecular weight PEG and EDTA as fusogens. FRAP and single molecule tracking was

used to confirm good lipid and protein mobility.
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Figure 2.25: Schematic depiction of the structure of the PEG-supported lipid bilayer with
incorporated protein produced by Oijen. Image taken from ref. 113.

Finally, an tethered system has been produced by Sumino et al."* who reconstructed the
LH2 and LH1-RC light harvesting systems of Rh. Sphaeroides into bilayers on solid supports
and observed light transfer between the two. They created domains by incorporating each
LHC component into a different lipid formulation and allowing the bi-layer /LH complex to
self-assemble in different areas of the solid support. The LH2 was incorporated into a
cationic vesicle and fused into an anionic membrane, containing LH1-RC. The spacing
mechanism was 5 nm high, created by immobilising avidin on the glass substrate and

creating a biotin linkage into the bilayer (Figure 2.26).
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Figure 2.26: Schematic, taken from ref. 110, of tethered membrane domains with light
harvesting complexes LH1-RC and LH2 in the same membrane patches. ***

avidin| ~5 nm

LH1-RC and LH2 absorption bands were observed, suggesting the complexes were still

functioning in the bilayer, but the diffusion coefficient for LH2 was very low at 0.01 pm?*s™

and diffusion for LH1-RC was not observed at all. The lack of mobility makes this system
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less than ideal, as it suggests that the proteins are tethered in some way to the surface,

which may reduce their functionality.

In summary, there is a large body of work that incorporates PEG or similar molecules as a
polymer spacer. These polymers systems are coupled to the solid support via a SAM, which
makes them stable and the lipid-like anchors insert into the bilayer. However, they have
drawbacks in that they provided a limited chain length to create the space between the
substrate and the bilayer containing proteins. In addition, the lipid bilayer formation
methods used in some cases were suitable for directly incorporating proteins into the
bilayer. The system by Oijen at al. shows the most promise, but still requires a number of

steps to prepare a stable and mobile system.

2.4.4. Polyelectrolytes

Polyelectrolyte polymer brushes can change conformation and charge as a result of
changing the pH, ionic strength or temperature of the surrounding environment as
discussed in chapter 3.The charged state of the chains can be varied by selecting specific
monomers to create a homo-polymer or using two or three monomers with different
properties as a di- or tri-block system. They can be prepared by a method which allows
control over the reaction kinetics (reaction time) so that brushes of specific thickness
(length) can be produced. These properties facilitate ‘tuning’ of the surface by changing the
hydrophilicity i.e. the charged state or the degree of extension of the brush. This process
offers options for the successful incubation of lipid vesicles on the polymer to form a fluid
bilayer. The polymer systems presented here vary in thickness, in a range between 5 to 100
nm dry lengths, as measured by ellipsometry. Most of the systems are chemically attached
to a solid support via a self-assembled intermediate SAM and grown using atom transfer
radical polymerization ATRP (discussed in chapter 3).

The types of lipids employed vary from zwitterionic to charged headgroups with some
having high transition temperatures, such as DMPC and some with transition temperatures
near to zero (DOPC, POPC, DOTAP, DOPG). The bilayers were formed using different
methods which include LB/LS deposition, vesicles fusion and spin-coating (these methods
are presented in chapter 4). Some of these examples show the diffusion rates for the lipid
bilayers without proteins and some show that proteins can be incorporated into the bilayer

and give evidence for the function and mobility.



45

The list is not exhaustive, but examples have been selected which are linked by the use of
common conditions or deposition methods, so are not chosen at random. They
demonstrate the principles and options available when choosing how to create a good
polymer supported lipid membrane.

In the first example Smith et al.""> demonstrated that zwitterionic POPC lipid bilayers could
be formed, via the standard fusion of tip sonicated vesicles, onto a polyacrylamide (PAM)
brush (Figure 2.27). This is a neutral (uncharged) polymer brush grown by ATRP to

thicknesses of 2.5 nm, 5 nm and 10 nm.
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Figure 2.27: The structure of polyacrylamide, from ref. 115.

It was found by incubating POPC vesicles (at pH 8 in a phosphate buffer at 28°C) for 30
min, that a fluid bilayer was formed which had a lipid diffusion coefficients (D) of ~ 2 pm2 s
1, similar to the diffusion rate for bilayers on glass. They also found a similar result with the
short polymer brush, of length 2.5nm, but considered that at this brush did not provide a
large enough space for the extra-membranous domain of any incorporated protein to
function correctly. The diffusion rate on the polymer of 5 nm length was better than that
for 10 nm, when it slowed significantly. They suggested the reason for this was that the 10
nm brush offered a rougher surface than the 5nms. Interestingly, they also attributed the
ability to form bilayers on these surfaces as due to the smoothness (rms roughness <0.5
nm) produced by ATRP, whilst the spin coated counterparts of the polymer (rms roughness
~ 3 nm) would not support bilayer formation. They discussed an optimum thickness which
would be a trade-off between the appropriate decoupling of the membrane from the solid
support and an increasing roughness presented by using a longer brush. They confirmed
that this brush was a suitable candidate by incorporating a protein, (hDOR), and

successfully binding a ligand to it, to confirm its functionality.

The similarities between the above system and the next one are that both groups used

zwitterionic vesicles and varied the chain length of the polymer to good effect. Santonicola

116
.

eta grew zwitterionic 'charge balanced', pH responsive, sulfobetaine polymer brushes
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poly(2-(N-3-sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate) (PSBMA, Figure 2.28)
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Figure 2.28: poly(2-(N-3-sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate),
attached to glass via a SAM. Image taken from ref. 116.

They found, when using extruded DOPC vesicles, that bilayer adsorption could be tuned by
controlling the grafting density and hence the polymer brush thickness. No bilayer
formation was obtained for polymers with a swollen thickness > 35 nm (contact angle of
~20°). However, for brushes of thickness ~16 nm (CA of ~31°) bilayers with lipid diffusion
coefficients of the order of 1 pm2 s could be observed. They used a similar phosphate
buffer at pH 7.4 to Smith (above), but added 150 mM KCl, in order to tune the electrostatic
interactions. They found that the polymers needed to be equilibrated in buffer before

incubating for 16 h with lipid in order to generate this result.

In common with the previous system, the work by Renner and co-workers,**” compares
bilayer formation on three different brush lengths, but in this case the chain lengths were
varied not by increasing the brush reaction time, but by using polymer chains of different
lengths. A series of spin-coated maleic anhydride-based, pH-responsive brushes, were

shown to support bilayer formation.
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Figure 2.29: Schematic view of the covalently immobilized maleic acid copolymer layers;
R varies with the type of co-monomer unit (octadecene, propene, or ethylene).Image
from taken from ref. 117.

Renner’s group used lipids which were close to the natural membrane composition; a
mixture of egg-PC (neutral), PS, PE (both negative) and cholesterol in the ratio 5:2:1:2:0.1.
They tested three variants of the maleic anhydride based brushes (poly(octadecene-alt-
maleic anhydride) (POMA) poly(propene-alt-maleic anhydride) (PPMA) and poly(ethene-
alt-maleic anhydride) (PEMA)), of dry thickness 4 nm, 25 nm and 60 nm respectively. The
brush lengths were varied by changing the side chain R (see Figure 2.29). The results of
vesicle incubation led to lipid diffusion coefficients of 0.26 um2 s’l, 0.6and 1.24 umz s'l,
respectively. They found it necessary to reduce electrostatic repulsion, created by the
carboxylic acid groups on the maleic anhydride, by lowering the pH to 4. At this pH the
brush collapsed and the best diffusion rates were observed. These were still slower than
the diffusion rates they measured for the same lipids on glass. The group successfully
incorporated a functioning protein, by solubilizing a preformed bilayer and adding BACE
protein. The mobile fraction of lipids in the bilayer was reduced to 60-80 % when the
protein was added but they found that the activity of the protein was enhanced when
incorporated into this system.

I.**® produced a pH responsive hydrophilic cushion of

The next example El-khouri et a
poly(acrylic acid) (PAA), of up to 50nm as shown in Figure 2.30. In common with the above

work spin coating was used, in this case to deposit the PAA onto an APTES SAM.
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Figure 2.30: poly(acrylic acid) as the anhydride, formed by PAA when spin coated.
Hydrating at pH 8-10 converts it back to an acid. Image taken from ref. 118.

Changing the concentration of the PAA solution allowed variations in brush thickness to be
achieved. Under acidic conditions, at pH <5, the polymer layer is collapsed, but under
alkaline conditions the layer can swell to three times its coating thickness. LB/LS deposition
was used to prepare neutral bilayers of DMPC, (above the transition, T,,) on the

surfaces. FRAP experiments showed that the bilayers were fluid, with a diffusion
coefficient of 2.56 umz/s at pH 9.2, and compared well to the rates they obtained on glass.
The diffusion coefficient at pH 4 was reduced and showed little fluorescence recovery after
bleaching. The group suggested this was because the polymer topology was modified by

the pH change and the membrane may have coupled to the polymer.
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Figure 2.31: Schematic of poly(acrylic acid) brush with an inserted ion channel from ref.
118.

After incorporating gramicidin into the bilayer they observed changes in the thickness of
the PAA brush. These, they suggested, resulted from changes in the pH of the buffer
surrounding the brush, proving that the gramicidin was functioning as a proton pump (see

schematic in Figure 2.31).
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It is interesting that when Renner (presented earlier) used a carboxylic acid brush the pH
required for bilayer formation was pH 4. For El Khouri, also using a carboxylic acid brush,

the successful incubation took place at pH 9.2.

The system introduced by Nirasay '*° and coworkers also utilises an anionic polymer system
and zwitterionic DMPC lipids. This group formed a 20 nm (dry length) polydopamine film
(Figure 2.32), with a surface roughness of 2 nm, from a solution of dopamine. (A surface
roughness of 0.5 nm is considered to be acceptable). Polydopamine contains amine,
catechol and quinone and becomes negatively charged by the loss of a proton from the -OH
groups. Nirasay used tip sonicated and extruded DMPC and DOPC vesicles, rehydrated in a
10 mM sodium phosphate buffer. They successfully deposited fluid lipid bilayers by
incubating the vesicles onto the dry film, and heating the sample above the T, for DMPC,

(23°C).

polydopamine

HO OH

Figure 2.32: Structure of polydopamine from ref. 119.

Diffusion constants of 5.9 and 7.2 umz s”! were measured. These compared well to their
measured diffusion rates on glass of 7.8 pm2 st They suggested that the negatively
charged polymer surface formed an interaction with the choline (+ve) of the PC lipid
headgroup. As they used a buffer of low ionic strength they considered that the sodium
ions from it would not shield the electrostatic interaction between the approaching lipid
vesicles and the charged polymer. This is the first example, in this review, where the
electrostatic interaction between the vesicle head group and the polymer has been

specifically considered.

The next piece of research examines an anionic polymer, in common with the work of

120
l.

Nirasay, but Kaufmann et a in this work used charged cationic lipids rather than

zwitterionic ones and chose a novel method of creating the bilayer, which suggested that
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they wished to take advantage of the electrostatic attractions between the polymer brush
and the lipids.

poly(N-isopropylacrylamide-co-carboxyacrylamide ( PNIPAAm) (Figure 2.33) is a
temperature responsive polymer and its combination with a carboxy acrylamide confers pH
responsiveness for use as a support for lipid bilayers. The carboxylic acid groups on the co-

polymer exhibit a net negative charge.

Figure 2.33: Schematic showing the pH and temperature response of Carboxylate
polymers under pH conditions from ref. 120 above

A mixture of DOTAP:POPC vesicles, with a lipid ratio of 1:9, was incubated on the polymer.
Insufficient lipids adsorbed by this method and no bilayer was formed, so vesicles prepared
in water, were left to dry on the polymer and then re-hydrated slowly overnight.
Depending on the pH there was weak electrostatic coupling between the bilayer and the
polymer which was not affected greatly when the pH and temperature were subsequently
changed, to allow the polymer to hydrate and swell. FRAP experiments measured a
diffusion coefficient of 5.7 umz/s in water with an increase to 7 umz/s in buffer across all
pH values at 25°Cand upto 9 umz/s at 40°C at pH 8. All results were higher than their

equivalent measurements on glass.

In contrast to the above systems, most of which featured anionic polymers, there follows

examples of work where anionic lipids have been deposited on cationic polymer brushes.

A pH responsive poly[2-(dimethylamino)ethyl methacrylate-block-methyl methacrylate]
PDMAEMA-PMMA diblock copolymer was prepared by Rehfeldt et al. *** on which to
deposit a lipid bilayer. The block copolymer has a hydrophilic PDMAEMA block which is a
weak polyelectrolyte base and is terminated with a hydrophobic block PMMA (Figure 2.34).
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The pH response of the PDMAEMA block responds to pH by changing conformation and

hydration properties. **
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Figure 2.34: The structures of the DMAEMA and MMA monomers from ref. 121.

Extruded vesicles were prepared from 50:50 SOPC:SOPG lipids (negatively charge, with a
pKa of 3.6, chosen to mimic the sialic acid residues in natural membranes). They were
rehydrated in a PBS buffer (10mM sodium phosphate and 100mM NacCl). The group studied
the effect of pH on the adsorption of lipids and found that at all pHs a homogeneous
bilayer formed on the polymer. The thickness of the films at pH 5.5, when the PDMAEMA
block tertiary amines are protonated (85% positively charged), is lower than that at pH 8.5,
where it is only 12% protonated. The reason for the difference in thickness of the polymer,
they suggested, was due to water reservoir between the polymer and bilayer being greater
at the higher pH of 8.5 when the polymer is uncharged. Unfortunately there is no FRAP
data to confirm the diffusion of the lipids. There is only one fluorescence image, which they

suggest indicates a homogenous bilayer.

The next study, by Tang et al. *?, followed the kinetics of bilayer deposition on
poly(diallyldimethylammonium chloride) PDDA, also a cationic polymer (Figure 2.35). They
followed the effect of lipid composition and buffer on the bilayer formation on the
polymer. A SAM formed from 11-mercaptoundecanoic acid (MUA) was tethered to a gold
substrate via a thiol link. PDDA was then deposited from solution on top to create a
polymer of a 2-3 nm dry length. Vesicles, prepared from a mixture of zwitterionic and
negatively charged lipids (60:40 DOPG:POPC) were deposited on the polymer, resulting in

the formation of a smooth bilayer when the vesicles fused.
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Figure 2.35: Structure of the polymer PDDA from ref. 122.
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Figure 2.36: Deposition of vesicles on a hydrated cationic PDDA, grown on gold, as a
function of phospholipid composition and sodium chloride concentration. Image copied
from ref. 122.

Higher or lower concentrations of DOPG did not produce a bilayer. At low or zero ionic
strength of NaCl vesicles ruptured and formed bilayers. When increasing the salt
concentration in the buffer intact vesicles were adsorbed on the polymer and bilayer
formation did not take place. Tang suggested that the added ions screened the

electrostatic forces and weakened the vesicle interactions to the polymer.

In the final examples of this group of polyelectrolyte supports, the PELs have been
formulated into multilayers (PEMs). These are layered polymers where each layer has
different charge (electrical) properties. It is helpful to note that these are different from di-
and tri-block copolymers in which the individual polymer chain is built up from segments of
different monomers. These PEL multilayers are considered by some to be a more flexible

version of the polymer supports presented above as they provide the option to not only
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vary the thickness of the layers, but to control the charge by alternately layering cationic

and anionic polymers.

In the previous example, work was presented on a PEL system by Tang who successfully
formed bilayers on a single PDDA polymer layer. In a development of that work Ma et al. **
created polymer multilayers using PDDA and also incorporated a protein. They created a
PEM cushion composed of a thiol SAM monolayer on a gold layer by alternating PDDA (+)
and poly(styrene sulfonate) (PSS) (-). The deposition took place layer by layer using
electrostatic interactions to create a PDDA/PSS/PDDA system (Figure 2.37). Ma found that
when incubating the PEM surface with vesicles containing SOPS (a negatively charged lipid)
and POPC in a salt free buffer, they could form a bilayer when using vesicle fusion at any
ratio of the lipids. If they used pure SOPS the diffusion coefficient was 1.2 x 10° cm?*/s and

with 25% POPC it increased to 2.1 x 10 cmz/s, still much slower than they measured for

POPC vesicles incubated on bare glass.
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Figure 2.37: A diagram of the PEM produced from layers of PDDA and PSS attached to a
gold surface by using a thiol SAM. Image copied from ref. 123.

An ion channel forming peptide, protegrin-1, was possibly incorporated into the bilayer and
suggested to have inserted by SPR, though the authors agree that SPR alone is inconclusive.
This is not a transmembrane protein and does not extend beneath the bilayer. For this
reason it does not prove the efficacy of the PEM cushion in keeping the protein separated

from the solid substrate.
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In the next example, Fischlechner et al.'** also used PSS, a strong polyanion, as the lower
layer of the PEM. They added either a top layer of poly(allylamine hydrochloride) (PAH) or
poly(diallyldimethylammonium chloride) (PDADMAC) which are weak and strong

polycations, respectively (Figure 2.38).
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Figure 2.38: The chemical structures of (a) PAH, (b) PSS (c) PDADMAC (d) POPC and (e)
POPS lipids. Images taken from Avanti lipids ref. 124.

They investigated the interaction of various vesicles composed of a range of ratios of
POPC:POPS. They incubated these onto combinations of PAH and PDADMAC on PSS, in PBS
or a buffer containing 0.1M NaCl. Fischlechner found that all lipids adsorbed to some
degree, but vesicles with a mixture of 1:1 POPC:POPS lipids ruptured and spread
immediately when PAH was the top layer with PSS below. In this case there was an
electrostatic interaction between the anionic vesicles (generated by the POPS) and the
cationic PAH layer. With 100% POPS only there was slower adsorption, followed by partial
rupture of vesicles, but no bilayer was formed, despite there being a much stronger
electrostatic interaction. With PDADMAC (quaternary amine) as the top layer a large
amount of POPS:POPC vesicles were adsorbed, but they did not fuse into a bilayer, possibly
suggesting binding of the lipid into the polymer. This group also found that more POPS
lipids adsorbed in NaCl than in phosphate buffer and concluded that the phosphate ion
interfered with the binding of the PDADMAC amine with the carboxylic acid on the POPS

lipid headgroup.
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2.5. Summary of background and aim of the thesis

In this chapter the nature of lipids have been discussed, explaining how and why lipid
vesicles are formed and the role they play in creating cell membranes in nature. The use of
biomimetic lipid membranes, formed on solid substrates, such as glass, have been
presented along with a study of the effects on bilayer formation of varying the conditions
such as pH, ionic strength and temperature. Both experimental work and simulation theory
has been discussed for these systems on solid surfaces. Whilst these systems provide very
useful study examples, the incorporation of proteins, particularly transmembrane proteins,
demand a more sophisticated substrate system.

As illustrations of these, a range of polymer supported lipid bilayers beginning with the
earliest works, have been presented. They include uncharged and charged polymers
systems, on which a variety of methods have been used to attempt bilayer formation. For
most of these systems there has been some control over the brush growth and thickness.
There has also been control over the charge associated with the polymer, either by
selecting charged monomers and controlling the pH of the surrounding buffer, or creating
alternating layers of charged polymers. Lipids of varying formulations have been used and
deposited by vesicle fusion or Langmuir (LB/LS) or spin-coating methods. There has been
some success in incorporating proteins into the systems and these examples have added
insight into what constitutes a successful system. The indications are that by using a
protein resistant polymer brush of a specific length as a spacer mechanism, the TMP will
not interact chemically or electrostatically with either the solid support or the spacer itself.
In order to create this system a polymer brush must be chemically attached to a solid
support forming a layer of specific length in a uniform manner with a low (rms) surface
roughness. The method of forming the polymer brush must allow control of reaction
conditions these can be correlated to growing brushes of a specified length and grafting
density. It is not possible to prescribe an ideal length for the brush though this should
exceed the size of the extra-membrane portion of the TMP being studied or the protein
may be denatured. A number of research groups have suggested that lengths between
5nm and 30nms should be used, based purely on focussing effort on successfully preparing
lipid bilayers on these polymer surfaces. These groups have not necessarily incorporated
and studied a range of TMPs into the bilayers to definitively correlate polymer length with
the successful functioning of the proteins. It is clear that the polymer should be hydrophilic
as its function is to provide a hydrated cushion on which to form the lipid bilayer. A

measure of this is that the water contact angle should fall below 90°. The hydrated
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polymer, which must not interact with the protein, will also form a reservoir through which
chemical or electrical gradients can be measured. For this purpose the bilayer supported on
it, containing the TMP must provide an electrical seal which will allow only the exchange of
protons via the mechanism of the TMP.

The literature has presented some clear pointers for producing a successful polymer
supported bilayer system and the work presented here focuses in on these by employing
brushes which are grown by ATRP, are hydrophilic, responsive the environmental
conditions and which are protein resistant. The brushes are as short as possible, whilst
allowing room for a 5 to 10 nm transmembrane protein to be incorporated.

A number of suitable polymer brush candidates are presented in this thesis, which
potentially satisfy these criteria, and the following study demonstrates the steps taken to
try to create a successful polymer — supported bilayer system containing a light-harvesting

TMP.
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3. Experimental theory

3.1. Polymer brushes

3.1.1. Introduction

The surfaces of interest on which the lipid bilayers were deposited were formed from
polymer brushes, grown from a solid substrate. In order to explain the experimental results
it is essential to understand some basic principles of their production, characterisation and
properties. The work in this thesis focuses specifically on charged homopolymer brushes,
formed by first attaching anchor groups to a planar surface with a high grafting density (the
initiator) and then reacting them with one type of monomer.* There is the flexibility, within
the method, to include other monomers to form diblock or triblock polymer brushes with
different response characteristics but these are not the focus of the work presented in this
thesis. Following the chemical reaction of the monomers with this initiator layer, the
brushes can be grown with sufficient density to create interactions and repulsion between
the chains, which causes extension of the chains. These chains exhibit very different
properties from freely diffusing polymer chains in solution and have resulted in many novel
and useful properties.” Polymer brushes are defined as "dense layers of chains confined to a
surface where the distance between the grafts is much less than the unperturbed
dimensions".® Alexander and de Gennes, who were pioneers of this work, defined the
grafting density as the inverse distance of two surface attached polymer chains. If the
distance is larger than the chains they will collapse onto the surface in a 'pancake' regime.
Where the grafting density is low, but the chains do not interact with the surface, the

chains will coil into a 'mushroom’ regime.
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Figure 3.1: Three conformations of polymer attached to solid surface.

In the third case, when there is a high grafting density, the chains stretch away, in a
direction normal to the surface, in a brush formation. (Figure 3.1) This third case is the
conformation which provides suitable surfaces for the work presented here.*

The high steric crowding, resulting from the brush regime, forces chains to extend
outwards from the surface in an entropically unfavourable conformation.® This stretching
leads to a loss of conformational entropy (compared to free chains) and creates interaction
energy between the tethered chains. This counterbalances the elastic free energy of the
chains which tend to force them to collapse back towards the surface from which they are
grown.” The chains in this configuration maintain an excluded volume, between them. This
is defined as a volume which is inaccessible to other molecules because of the presence of
the first chain and is slightly greater than the theoretical volume occupied by a single

polymer chain.™

3.1.2. Surface initiated atom transfer polymerisation (Si-ATRP)

The process of producing the polymers, by surface initiated atom transfer radical
polymerisation allows brushes of controlled thickness (length) and grafting density to be
produced. ATRP also allows polymers to be tailor-made and composed of a variety of
monomers giving the polymer specific properties, which can vary with solution and other
environmental conditions. ® In general terms the first stage involves the deposition onto a
cleaned surface, such as piranha cleaned glass, of a silane APTES self-assembled monolayer

(SAM) which terminates in a reactive amine group. This reacts with 2-bromoisobutyryl
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bromide (BIBB) and provides the bromide required for the next stage of the reaction with
the monomer. The next stage for the generic reaction of this initiated surface is shown in
Figure 3.2. Briefly, the surface groups form radicals by transferring bromine to a metal
catalyst (in this case a copper catalyst). The exposed radical then reacts with a monomer,
which continues in a cycle until the reaction is stopped. The reaction time will thus
determine the final polymer chain length. The reaction is summarised by Matyjaszewski, a
pioneer of the process: “ATRP is the reversible homolytic transfer of a radically transferable
atom, or group, typically a halogen atom, from a monomeric, polymeric or surface tethered
alkyl (pseudo) halide, to a transition metal complex initially in a lower oxidation state,
forming an active organic radical and a transition metal complex in a higher oxidation state
followed by donation of the transferred atom/group back to the growing radical reforming

a dormant oligo/polymeric species and the lower oxidation state transition metal complex.”

9
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Figure 3.2: Matyjaszewski’s simplified mechanism for ATRP. Image from ref 8, 9

The resulting polymer brushes can be neutral, strong electrolytes or weak polylelectrolytes,
depending on the monomer chemistry chosen. Neutral polymers have no charged groups
along the chain whereas strong polylelectrolytes have fixed charges along the chain, which
are not pH responsive. In order to have practical application, weak polyelectrolytes, with
monomers which respond to environmental conditions in a controlled manner, are
selected. This is most flexibly achieved by using monomers which are weakly basic or
weakly acidic where the charged groups are capable of gaining or losing protons depending

97 The two charged variants are discussed in more detail below.

on the solution pH.
3.1.3. Strong PELs
These brushes have charged groups along the chains and the conformation they adopt will
be governed by electrostatic interactions and the osmotic pressure of the counterions in

solution rather than the osmotic pressure of the macromolecular segments.’ The number
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and location of the charges along the chain is fixed and the solution pH ion will not affect
them. The structure of strong polyelectrolyte brushes is influenced by the grafting density,
degree of dissociation and the ionic strength of the solution. In strongly charged bushes
where the grafting density and charges are high, all counterions will be trapped within the
brush.” In this case the brush height bears a linear relationship to the degree of
polymerisation (number of monomers in the chain), but not to the grafting density. In this
‘osmotic regime’ the brush height is a function of balance between the osmotic pressure of
the trapped counterions and the restoring elastic force of the chains. **If salt is added at
low concentrations screening takes place at only the outer edge of the brush and height is
not affected. If the solution ion concentration reaches that of the counterion concentration
within the brush the osmotic pressure and entropic elasticity are balanced. As more salt is

added the osmotic pressure within the brush is reduced and the height decreases.>

3.1.4. Weak PELs

The weakly charged PELs exist in equilibrium between neutral, associated and dissociated
charged entities, which is influenced by solution pH and not the location of charges on the
polymer. The charges on the polymer can change location because of this equilibrium.? In
weak polyacids (e.g. carboxylate) at low pH, an abundance of protons will reduce the
charge density by protonation of the charged moieties, collapsing the brush. Increasing the
pH will generate more charges, by deprotonating the acid groups and will increase
electrostatic repulsion and extend the chains. Conversely in weak polybases (e.g. amine) at
low pH the groups will be protonated, increasing the charge and extending the chains.® At
high pH the chains will collapse as the protons are removed and the groups are
neutralised.'® ® Polyzwitterions are also of interest, which have both positive and negatively
charged groups on the chains, so they exhibit characteristics similar to the polyacid or
polybase as described above depending on the pH, but over a range of neutral pH will
exhibit a charge neutral regime.’? 3

The effect of low salt concentration provides a counterintuitive result. With the addition of
small amounts of monovalent ions some of the cations can be exchanged for protons, while
maintaining overall neutrality of the polymer chain. ' However, the binding constant is
lower than that for the acid/based (protons) so an increase in charge will result, causing an
increase in osmotic pressure and chain extension. If the salt concentration surrounding the

brush is increased significantly a weak PEL brush in solution will shrink, as the osmotic
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pressure difference is balanced between the interior of the brush (lower osmotic pressure)
and the surrounding solution (higher pressure).**
The practical aspects of this can be seen in chapter 5 and 6 where the brushes pH response

is shown.

3.2. Lipid vesicles

A brief description of how the small unilamellar vesicles are formed is presented below.
Detail on the production of these is included in chapter 4 and the physics of the bilayer and
vesicle formation process are described in chapter 2.2. A dried lipid film when hydrated in a
chosen buffer and then vortex mixed until cloudy, forms into large multilamellar vesicles
(MLV). The vesicles can be tip sonicated until the solution became clear, which indicated
that the MLVs had become unilamellar vesicles with a diameter of approximately 25 nm.

These stages are demonstrated in Figure 3.3.

Figure 3.3: Formation of unilamellar vesicles from dried lipid, via a multilamellar stage.Image
from ref 15.

Vesicle extrusion through a membrane can be used as an alternative method which
replaces the tip sonication stage and physically removes the multilayers to create mono-

disperse unilamellar vesicles, by forcing them through a membrane of a suitable pore size.
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Tip sonication is easy to use and produces reproducible samples of small vesicles. Extrusion
is preferred when proteins are to be incorporated into vesicles or larger vesicles are

required as tip sonication will denature the protein.

3.3. Detergents, solubilisation and reconstitution of proteins

3.3.1. Introduction

Many important cell membrane proteins are located within and on the surface of the lipid
bilayer. They provide communication between the inside and outside of the cell and
interact with molecules in the surrounding extracellular space and cytoplasm to create the
functions which support life. With the exception of bacteriorhodoposin in the Halobacteria

. Y To obtain a

Salinara, individual proteins are present in small quantities in the cel
purified sample of the protein in sufficient quantity for study, it must be isolated from its
membrane and then over-expressed or genetically modified. The aim is to form a
sufficiently concentrated sample so that the protein can be crystallised to study its
structure. For functional studies the protein will be reconstituted into a fluid bilayer

environment.

Lipid bilayer
around

" hydrophobic
core of protein

Figure 3.4: Cartoon of a transmembrane protein embedded in a lipid bilayer. Image from
ref 18.

There are a limited number of water soluble proteins and a transmembrane protein has
three regions: the extracellular area (cis), the hydrophobic transmembrane portion, bound
by the lipid bilayer and an intracellular (trans) section."® The transmembrane portion will
maintain its structure and function in its natural lipid membrane environment as shown in

Figure 3.4.

3.3.2. Solubilising and reconstituting proteins
To study proteins out of their natural environment requires them to be reconstituted into a

biomimetic lipid membrane. The process is aided by using detergent molecules to act as an
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intermediary, that bind around, and maintain the integrity of, the hydrophobic core. After
the protein has been transferred into the lipid bilayer, the detergent, being more water
soluble than the lipids, can be rinsed away.” Heerklotz et al. defined these processes.
“Solubilization is the dissolution of a bilayer membrane by increasing the relative amount of
detergent in the solution. Reconstitution is the opposite process by which bilayer membrane

morphology is recovered by lowering the relative amount of detergent.”*

Detergents contain one hydrophobic chain (whereas lipids have two) and a polar
headgroup and, as can be seen in chapter 2, Figure 2.5. The general shape is conical so that
when exposed to water or buffer they will form micellar structures (where the hydrophobic
tails are hidden from the water and the larger polar headgroups are exposed to it, Figure
2.5).2 There is a critical detergent concentration (CMC) below which individual detergent
molecules remain in solution and above which the molecules will form micelles. This CMC is
dependent on pH and temperature, as well as the presence of other ions or proteins.?® An
excess of detergent, above the CMC is required to solubilise the protein. The CMC s
determined by a combination of the repulsive forces of the head group and the

hydrophobic interactions of the tail groups.?*

3.3.3. Types of detergent

Two main types of detergent are compared here. lonic detergents have a charged head-
group, with hydrophobic tail region. They are effective in solubilising proteins, but are
usually denaturing, however, some proteins can be re-natured when reconstituted back
into a lipid bilayer.*

Nondonic Detergents

R = glucose, x = 7, n=octyl=f§ =D-glucopyranoside
R = maltose, x = 9, decyl-p -D-maltoside
x = 11, dodecylf -D-maltoside

RO(CH,)x-CH,

x =9, Triton® X=100
X = 7=8, Triton®™ X=114

NN
W —0(CH,CH,0)x—H
\\ /

Figure 3.5: Examples of non-ionic detergents such as OG and BDDM. Taken from ref 19.

Non-ionic detergents (Figure 3.5) have a uncharged head group, such as n-octyl-p-d-

glucopyranoside (OG) and n-dodecyl-B-d-maltoside (BDDM).These are milder to use for
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reconstitutions and work by breaking the lipid-lipid interactions and lipid-protein
interactions rather than protein-protein interactions. This allows the protein to be isolated
in its biologically active form surrounded by detergent molecules which have replaced the

lipid molecules of the natural membrane.?*

3.3.4. Reconstitution methods

In Figure 3.6 the methods currently available for reconstitution are summarised:* a)
Transferring a single protein into a patch of membrane. b) Incorporating the protein into a
proteoliposome and then rupturing this on a solid surface. c) As for b), but using a
chemically modified surface to tether the bilayer to the surface. d) A proteoliposome can
be fused into a pore-spanning lipid bilayer. e) A GUV containing the protein is ruptured to

span a mechanical pore. f) The protein is tethered to a surface and a bilayer reconstituted

around it.
A = B e C e,
E @ -_-%ﬁg\;; proteoliposome C ':%,ﬁgs;
=
— 3 cell g
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solid support [ monolayer NN
l Direct transfer l Direct rupture l Direct rupture
/ / /
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Figure 3.6: Methods available for reconstituting proteins. a) Transferring a single protein
into a patch of membrane. b) Incorporating the protein into a proteoliposome and then
rupturing this in a solid surface. c) As for b), but using a chemically modified surface to
tether the bilayer to the surface. d) A proteoliposome can be fused into a pore-spanning
lipid bilayer. e) A GUV containing the protein is ruptured to span a mechanical pore. f)
The protein is tethered to a surface and a bilayer reconstituted around it. Image from ref
20.

In order to achieve the above reconstitutions, Rigaud et al.”> suggested a number of
practical issues to consider by which the protein can be reconstitution into a vesicle or

bilayer. The first uses a dilution approach so that as the detergent encapsulated protein is
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added to a liposome solution this will dilute the detergent concentration to below its CMC,
the micelles become unstable and the protein transfers from the detergent micelles into
the liposome. In the second method he suggests that a detergent is added to a liposome
suspension. The liposomes become saturated with detergent, making them permeable to
the protein. The detergent is then removed by dilution dialysis or by adsorption onto
Biobeads.

Heerklotz et al.*

defined three phases, which can be plotted graphically between the axes
of lipid concentration (x axis) and detergent concentration (y axis), as shown in Figure 3.7.
The area defined as ‘micelles’ contains detergent monomers and some mixed detergent-
lipid mixed micelles. The area ‘vesicles’ contains bilayers as vesicles or bilayer sheets and
between them is an area which contains detergent monomers, mixed vesicles and mixed

micelles. The suitability of a detergent depends on its lipid-detergent-protein phase range.

25 -
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- Micelles | _SoL
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Figure 3.7: Three phases, which can be plotted graphically between the axes of lipid
concentration (x axis) and detergent concentration (y axis), show micelles and vesicles,
which a phase between where both can exist. Graph from ref 21.

The detergent OG is able to trigger protein reconstitution when vesicles are present,
without disrupting the bilayer, whereas Triton requires reconstitution to begin at the phase
where mixed vesicles and mixed micelles are present. The phases can be tested before

reconstitution using dynamic light scattering as demonstrated in chapter 6. The molar
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concentrations of micelles in solution can be calculated from the aggregation number
(which is the number of detergent molecules per micelle) and the molecular weight of the

detergent monomer.”® ¥

3.3.5. Detergent methods for preparing lipid bilayers

® and also by Tiberg,*® requires the co-

One method for preparing lipid bilayers by Vacklin, >
adsorbing of lipids and surfactants from a mixed —micelle solution, on to a silica surface.
The detergent lipid mixture was composed of DOPC lipid and BDDM detergent. The
detergent did not adsorb onto the silica surface, so could be easily removed by very slow
rinsing after the adsorption step. This is the method adopted in chapter 6 for incorporating

light harvesting proteins into a bilayer on a polymer brush.

In a further study on this method, Lee et al. *° investigated the packing conformation of the
lipid bilayer formed from a BDDM detergent -DPPC lipid mixture. They confirmed that the
packing conformation did not differ from that formed from lipid only and that there was no
residual detergent left on the surface. This suggested that the lipids were correctly
organised in a configuration normal to the silica solid (quartz) surface. The lipid density at
the surface was gradually increased as the detergent was removed during rinsing. A
different use of detergent was reported by Kataoka-Hamai ! for bilayer formation. Their
process consisted of a number of steps. First a lipid-PEG was grafted to glass using a silane
linker. This was incubated with lipid-detergent micelles consisting of DOPC lipid and OG
detergent, prepared from dried lipid solubilised with buffer containing the detergent. A
method of using detergent to produce asymmetrical bilayers was reported by Visco et al.*
They applied a concentrated methyl-B-cyclodextrin solution containing the lipid of interest,
in this case sphingomyelin. A mediated lipid exchanged took place into a bilayer previously
formed with DOPC by vesicle fusion, which then enriched the upper layer with
sphingomyelin.

These detergent depletion methods and elements of the detergent characteristics above

will be applied in chapter 6 where protein reconstitution attempts are presented.

3.4. Contact angle
3.4.1. Background
The method is a way of determining how hydrophobic or hydrophilic the polymer brushes

are, before testing bilayer formation on them. The interaction of a water droplet was
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observed as it is dispensed onto the dry brush surface. The shape and the angle it formed
between the air and brush surface was measured, as seen in Figure 3.8. An angle of <90 °
was considered to indicate that the surface is hydrophilic and if >90 ° it tends towards
being hydrophobic. Low contact angles (<20°) indicated a strong attraction between two
hydrophilic surfaces (the water and the sample) which was observed as the rapid spreading
of the water droplet across the surface. Higher contact angles resulted from lower
attraction between the surface and the water i.e. a greater surface tension within the
water itself and a lower surface energy of the sample.

Contact angle measurements were made at the air/liquid/solid (three phase) interface as
shown in Figure 3.8 (a). The measurement of the shape of the droplet was determined by

the Young’s equation where the contact angle played the role of a boundary condition.

(a) Young's Equation (b)
= q Iy Hydrophobic Hydrophilic
) (ot + i) & cos0 Surface Surface

Ois the contact angle high contact angle low

sl PRI . poor adhesiveness good
Y s the solid/liquid interfacial free energy poor wettability good
¥™"is the solid surface free energy low solid surface free high

Iv. energy
Y s the liquid surface free energy

ramé-hart instrument co. ramé-hart instrument co.

Figure 3.8: Young’s equation to determine contact angle and surface energy. Image from
ref 33.
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Dr i nser
op dispense cameras

Sample table

Figure 3.9: Example of goniometer showing droplet dispensing and recording camera
(from FTA, First Ten Angstroms)34.

An advancing (water flowed towards the surface) and receding angle (drop was retracted)
were measured, the hysteresis between the two gave an indication of surface roughness. A
number of measurements were taken across the samples to determine an average reading.
The variance between these provided an indication of the homogeneity across the sample
surface. This method was easy to use and generated reproducible results, providing the
surfaces and the droplets were kept contaminant free. It was proposed that a low contact
angle may correlate with the ability of the polymer brush to support lipid bilayers and this

was tested throughout the experimental work.

3.4.2. Practical aspects and errors

The system must be completely flushed with ultrapure (MilliQ) water, be free from air
bubbles and kept free from dust and organic contaminants, especially on the tip. The
readings must be taken when the surface being tested was flat (i.e. parallel to the
equipment stage). As the readings were taken during the pumping of water onto the
surface (“ramp positive”) the readings shown on the graph, taken in a time series, should
follow a stable pattern and create a linear graph. The readings were be repeated if this was

not the case.
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3.5. Flow cells

3.5.1. Cells and use

In order to provide a controlled environment for testing bilayer formation and to control
the flow of rinsing medium, home-made flow cells were used. Two types were required
depending on the type of microscopy being used. The one shown in Figure 3.10 (a) was
used for most incubations for FRAP experiments. It has a deep base with a reservoir of
0.7uL and a heating Peltier heating element fixed in the base. The sample was sealed in the
location described (Figure 3.10 (a)) and the inlet and outlet valves were used to inject lipid
and rinsing water into the cell in a controlled manner, whilst excluding air from the system,

which would dehydrate the bilayer. The camera objective was located at the top.

The lower cell (Figure 3.10 (b)) was a thinner cell, used for TIRF and dark field microscopy
as the regular cell above was too deep for the microscope working distance. This cell was
made by gluing a round 18 mm sample coverslip to a 3D printed ‘O’ ring on one side and to
a flat slide on the other. The needles and taps were inserted through this ‘O’ ring for

injecting the sample and rinsing solution.

Microscope 40x
(a) Glass sample, 18mm objective
diameter, on ‘0’ ring
seal Lid and
flow cell
Inlet

Inlet/
outlet

| tap

tube

Heating element,
with temperature
sensor/control
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(b)

Glass
supporting
Inlet/outlet coverslip
tap
18 mm round
glass sample
coverslip
3D printed

‘O’ ring seal,

Figure 3.10: (a) flow cell for incubating glass and polymer samples with lipid for FRAP and
(b) modified flow cell for TIRF and dark field microscope.

3.5.2. Errors

The exclusion of air was essential when creating lipid bilayers and the ability to reproduce
the incubation conditions across a range of samples was important, which this system
allowed. It also allows the rinsing protocol to be exactly reproduced. The cell must be
cleaned and rinsed thoroughly between samples to ensure there were no contaminants to

interfere with the bilayer formation.

3.6. Fluorescence recovery after photobleaching (FRAP)

3.6.1. Diffusion

Mobile particles, such as individual lipids which form a hydrated lipid bilayer, move in a
random manner under thermal (Brownian) motion. Simple diffusion is the movement of
particles from a region of high concentration to a region of lower concentration. The net
rate of particles moving through an area, by diffusion is referred to as the flux. This flux is
related to the change in pressure of the particles and the diffusion rate. Factors which
affect the diffusion rate will be the distance of travel, the molecule size (Graham’s law
states that smaller particles will move faster) the pressure (i.e. quantity or concentration)

of particles in the area and the size of the area they are diffusing within.*
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This provides a basic equation relating the rate at which the particles move to the change
in pressure of the particles, the surface area and the rate of diffusion (diffusion constant).

In a simple 2D case, where c is the concentration of particles diffusing between 2 locations:

G 1 G,

<«
2

Where (1) is the flux in one direction:
oD
Ax
And (2) is the flux in the other:
c,D
Ax

(3.1)

(3.2)
The net flux is:

D
(c, - CZ)E where (¢, —¢,) =dc (3.3)

From this the combined flux, J can be derived for 2 dimensional diffusion:

de(x)
dx

J=-D (3.4)

In a 2D area the particles will diffuse not only in a left right motion, but in any direction and
a diffusion constant of the square of length of walk with time, is required.
Fick’s first law applies to a system in steady state where the concentration of particles is

constant. For a case where concentration changes over time a further iteration is required:

D oc(x)

J = where (3.5)
ox
2
Gelet) _ & _poe (3.6)
ot ox ox
In 3D space this can be written as:
oc ) 5.
5 =D -Ac,where A”is the Laplace operator. (3.7)

Applying this in practical terms to the formation of a lipid bilayer on a solid or polymer

brush surface, it is possible to measure the quality of the bilayer formed by considering the
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rate of diffusion of individual lipid molecules within it. To enable this process to be
measured and analysed fully a fluorescent probe is attached to a small percentage of the

lipids. Examples of probes are shown in Figure 3.11.

3.6.2. Fluorescence Recovery after Photobleaching theory

This method of fluorescence microscopy utilized the absorption and emission of light by an
appropriate probe within the lipid bilayer and its choice was influenced by considering any
natural fluorescence of the sample. The probe, which was assumed to diffuse in the same
manner as the bilayer lipids, was chosen to absorb light at a given wavelength and emit at
another longer, lower energy wavelength. This difference is referred to as the Stokes shift.
The microscope contains filters that filter out the exciting light and allow the emitted light
through to the detector, usually to be collected by a CCD*® camera.

FRAP is a simple to use method of following ‘large scale’ diffusion of the order of microns,
rather than the diffusion of individual lipids, when fluorescence correlation spectroscopy

may be used.

3.6.2.1. Energy absorption and emission

The probe will usually be a conjugated molecule with greater than 8 conjugated double
bonds and for measuring the diffusion in a lipid bilayer, with be attached to a lipid-like
molecule. In these molecules there is a relatively small (1.5 to 3 eV) energy difference
between the ground state and excited state meaning that low energy photons, within the

visible spectrum, can excite the electrons out of the ground state.*’

Figure 3.11: Commonly used fluorophores structures, FITC, Texas Red (centre) and Atto 590.
Structures from ref 38.

The FITC fluorophore absorbs at 485nm (blue/green) and emit at 517nm (Texas Red
589/615nm).
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Initially the fluorescent molecules occupy the ground state, s, obeying the Boltzmann

distribution law and after irradiation there is a transition to an excited state s,. Excited

state fluorophores can react with other molecules or free oxygen leading to a non-

fluorescent product, which has been permanently (chemically) modified. *°

hv

so Z Photobleaching

Figure 3.12: Jablonski energy levels diagram showing the possible energy absorption and
emission pathways, taken from reference 39.

There is a set of rate equations for the different transitions possible within the system. *°

0

E[SO]——kl[S0]+k2[Sl]+k4[Tl] (38)
8,1= K [5,]- (ks + ks

at 1 11P0 2 3 1 (39)
911 = —ky[s,]- k7]

el 119 aldy (3.10)

k,k,k;k, are the rate constants for the transitions, shown in Figure 3.1, with £k,

representing the initial illumination.

The rate of absorption of the incident light ( Wm™) can be shown as:

k =0, (Hi) (3.11)
he

Where the fluorophore absorption cross section is o, m’” per molecule, A is the

wavelength of the incident light % is Plank’s constant and ¢ is the speed of light.

The steady state condition is reached and shown as a function of irradiation by:
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T,(t) = kiky (3.12)
ki(ky + k) + (ky + k)

This approaches a constant:

ks (3.13)

(k3 + k4)

at high irradiation levels. As the intensity of incident light increases the triplet state

population increases and saturates. The photobleaching is assumed to be a first order

reaction. *° %

The fluorescence intensity reduces by radiative and non-radiative processes. The excited

state can emit a photon and revert to the ground state in a radiative process whereby the

rate is kf

A — A+ho (3.14)

It can also lose energy as heat whereby the conversion reverts back to the ground state or

by intersystem crossing whereby the rate is &, .

The quantum yield for fluorescence

ky
= (3.15)
k,+k,

In the presence of a quenching process the reaction will become a second order equation

(due to the presence of a second species, such as oxygen, causing the quenching) kq . D

then becomes:

k,
_ S (3.16)
k,+k, +k,

The relative quantum yield can now be calculated, yielding the Stern-Volmer expression:**

0 _ kq
O/ D =14—"— (3.17)

k,+k,
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3.6.2.2. Fluorescence microscope

Figure 3.13 shows the path of the incident light (green), exciting the fluorophore and the
emitted light (red) on a simple fluorescence set up. The camera filter block contains two
band-pass filters and a dichroic mirror which direct light of the appropriate wavelength to
the sample and after interacting with the fluorophores, up to the camera. For the FRAP
experiments the fluorophores are bleached in a small spot (~28 um diameter) with intense
white light (from a mercury arc lamp) and photo images taken at intervals afterwards. After
bleaching, non-bleached fluorophores from the surrounding area exchange with the
bleached fluorophores and the intensity in the area of the bleached spot increases and

“recovery” takes place.

Field Aperture
diaphragm diaphragm

| TRILY JTl_r_
cube ) : lULuvu‘ri

Arc lamp

Figure 3.13: Diagram of fluorescence microscope showing incident white light from arc
lamp and absorbed and emitted light directed onto the sample or to the eyepiece/CCD by
the filter cube. From ref 37.

The speed of this process is an indicator of bilayer quality and the mobility of the lipids. The
completeness of this recovery back to the original intensity measures the fraction of lipids

which are fully mobile.

3.6.3. Fluorescence spectroscopy practical aspects

3.6.3.1. Camera set up and measurements

The sample was placed under the objective, generally a 40x, to allow sufficient
concentration of the bleaching beam intensity during bleaching. After carefully focusing
onto the sample an initial image was taken with the shutter open and then with it ‘closed’.
This ‘closed’ position is set to allow an aperture of 28 um in diameter for light to pass. With

the shutter closed, the sample was bleached using full beam intensity for 30 seconds (or a
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time appropriate for the fluorophore to be fully bleached). The shutter was opened
immediately after this and a series of images are taken. The image interval was usually 5
seconds and images were collected until the sample had fully recovered. This recovery was
confirmed by observing a dynamic intensity profile across the sample using the imaging
software of the microscope. To adjust the image intensity, neutral density (ND) filters were
used and binning can be selected on the camera to achieve maximum signal to noise ratio.
A 2x2 binning was preferred to give a good signal to noise ratio. The settings for these were
recorded for each measurement as this can be used to give an indication of relative

fluorescence intensities between samples.

3.6.3.2. Data analysis for diffusion constant and mobile fraction measurement

Two of the more frequently used methods of determining diffusion coefficients will be
discussed here. Figure 3.17. (top) shows the bleaching and recovery of the area of interest
and its effect (in cartoon form) on the fluorophores in the bilayer.

The first method measures the change in the Gaussian profile of the bleached spot over

time.

f(x)
FWHM
-
fmax T
1/2* fmax T
: : -
X1 X2 X

Figure 3.14: Full width half maximum Gaussian distribution (x,-x,). From ref 42.

The profile shows the intensity (y axis) versus location in pixels or microns along a
predetermined line across the image (x axis) at different times. The distance x; to x, will

increase with time and reduce in intensity.



86

18000

16000

14000

12000

10000

8000

6000

4000

2000

Figure 3.15: Experimental measurements (Gaussian profile) of time (x axis) and intensity
readings (y axis).

Using Fick’s Law:

0,c(r,t) =V(D(r,t)Vce(r,t)) (3.18)

The differential equation can be solved to give:

o*(t)y=0c," +2Dt (3.19)

Here o is the variance of the full width half maximum of the Gaussian profile. This is
plotted against time and the slope provides the diffusion coefficient. The profile of the
measurements taken, which can be programmed into fitting software, is shown below in
Figure 3.16.

Plotting this full width half maximum (FWHM) formula for a series of time-interval
measurements gave a graph where the slope = D, the diffusion coefficient, in this case

~1.4um2/s, as shown in Figure 3.16.
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Figure 3.16: Variance (square of standard deviation of Gaussian) at location intervals,
slope = diffusion coefficient.

The second method presented initially by Axelrod ** measures the average intensity of the

photobleached region over time.
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Top View Side View
(molecular detail, not to scale)
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Figure 3.17: Change in fluorescence intensity with time. Top: showing the effect on the
fluorophores of the bilayer. Below: this recovery intensity is represented graphically. Graph from
ref 43,

The initial reading at A, as shown in Figure 3.14, is normalised to 1.0 and shows the fully
open aperture recording the full intensity of the fluorophore image before bleaching. This
initial intensity is subtracted from each time interval reading. The second reading, Figure
3.17 B, is of the bleached spot which is determined to be zero intensity. The following
points (shown on graph as C and D) are of the intensity of the bleached spot, up to full
recovery of intensity, if fully mobile. If the bilayer is not fully mobile the final intensity
reading will not return to 1.0. In practice, for a good quality bilayer, this will be ~¥95%. The

mobile fraction can then be calculated directly from the graph at the Y intercept.*
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Presented is our own departmental protocol, the initially the intensity of the open-
aperture field before bleaching is measured and then the intensity with the aperture
“closed”. The aperture does not close fully but leaves a small circular region open through
which the intense bleaching light passes onto the sample. There is also partial bleaching of
the field during the collection of the images as the FRAP recovery takes place and this must
be corrected for in the image analysis. To do this a reference area the size of the bleached
spot is measured away from the bleached spot. The reduction in intensity of this reference

field is measured and compared to the first image to generate a correction factor.

Before After Image i

CH [CT R C

Figure 3.18 Three images showing the FRAP field of view and the circular measurements
taken. Images from the physics department protocol.

The intensities are measured at the locations and times specified above- before bleaching,
immediately after bleaching and the third box represents the measures taken during

recovery. Using the formula repeated for all images:
Ly =1,+,—1,) (3.20)
The normalised corrected intensity is found by:

I, -1
f(t) =" (3.21)
[bo - ]bl
Plotting the normalised intensity versus time and fitting the curve using Imagel) and the

Box-Lucas equation:

y(t)=A(1-e™) (3.22)
The half-time recovery becomes:

In0.5
tha(f = ——T (3.23)

The diffusion coefficient D is calculated:
D =0.22r%/t,,, (3.24)

The mobile fraction can be found by:



90

*
*

1 -1
M =Lt P \where Iy (3.25)
Lo =1y ‘

is the corrected intensity of the final image.

The first method follows the changes in profile of the Gaussian of the bleached spot and
provides an accurate measure of the diffusion coefficient. The accuracy of the result
obtained by this method is not affected by either the diffusion during bleaching time or
photobleaching during imaging. The second method provides a good result for both the
diffusion coefficient and the mobile fraction, but allowance has to be made in the

calculation for photobleaching during imaging.

3.6.3.3. Errors
A number of assumptions are made during this FRAP measurement and calculation

process, which do not fully apply in practice:

e The beam is of a uniform circular disc
e The fluorophores are irreversibly bleached in a first order reaction
e The diffusion is two dimensional
e The beam has a uniform Gaussian profile
e No diffusion takes place during photobleaching
e There is an infinite reservoir of unbleached fluorophores to diffuse into the
bleached spot
It is important that the conditions and measurements are as accurate as possible in all

experiments where comparisons of FRAP data are made. If this is observed then good

reproducible data can be obtained.

3.7. Dynamic Light Scattering (DLS)

3.7.1. Introduction

The DLS measurement of the size and charge on small particles in solution has applications
in many areas, being used extensively in the colloid and polymer industries. The size (and
charge) of particles between <1 nm and > 1um can be made using dynamic light scattering
in a Malvern Instruments Zetasizer nano. The advantage of this instrument is that it is
widely used and Malvern Instruments is one of the leading suppliers of these devices,
providing good advice and support. The downside is that the system measurements rely on
statistical distributions of particle sizes and charge. The mean, median and mode of each
population are measured and the measurements are thus sensitive to the presence of large

particulates, formed by aggregation of smaller ones or particulate contaminants. The



91

number weighted distribution, where all particles have equal weighting or the volume
weighted distribution of particles sizes can be used. When measuring the volume weighted
distribution the built in software will plot the frequency against size to provide the
measurement result without further calculation and the sample must be subjected to
careful dilution. The software does give a clear indication when the measurement is within
acceptable limits, so attention must be paid to any error messages (see later section).
Alternative instruments could be used and include the Coulter Counter; where the volume
or size of each individual particle is measured (seen as a change in electrical resistance as
particles in liquid pass through a micro-channel). This process is widely used in medicine,
specifically for measuring cell sizes, and is also used in manufacturing. It can be used for
small cells of <1um. An alternative method is to use imaging microscopy. Each individual
particle is imaged and the method can be used on concentrated samples, however, the
lower imaging size limit is of the order of microns, whereas the particles requiring
measurement here are on the nm scale.

Neither of these latter methods can be used for both the size and charge measurements,
so the DLS principle was preferred as it facilitates both of these to be measured on the

same sample.

3.7.2. DLVO theory

The work presented in this thesis is an examination of the interaction of lipid vesicles with
polymer brush surfaces both of which incorporate a range of charged and zwitterionic
groups. These interactions take place in media of high dielectric constant, i.e. water or
buffer. For these types of system the balance of interactions can be better understood by
referring to DLVO theory. This theory is particularly pertinent where DLS is introduced in
this chapter to examine the surface charges on the vesicles and the polymer brushes. The
properties of the suspended particles are influenced, not only by the charged groups on
their surfaces, but also by the nature of the medium, its pH, ionic strength and
temperature. The following references have been consulted for this background section:

23,45, 46, 47 and 48.

3.7.2.1. Van der Waals interactions
Van der Waals interactions are one element of the total interactions between particles in
suspension. They are generated by fluctuations in the electron cloud around one atomic

nucleus, which induce dipoles in a second nearby atom. The induced dipoles can change
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sign, but are usually attractive. The temperature, pH and the ionic strength of the
surrounding medium only minimally affect them. Three types of Van der Waals interactions
have been identified: London/dispersion, generated by induced dipoles, which are usually
attractive; Keesom, generated between two permanent dipoles and the Debye, between
permanent and induced dipoles.

Van der Waals interaction energies (W) between two atoms or small molecules (at a

distance D apart) can be calculated as follows:

C
W, (D) = Y (3.26)

6

The sum of the interaction energies in a system composed of more than two atoms or
molecules is described by the Hamaker constant A:
A=m'Cpyp, 827
Where p is the number of atoms, per unit volume, of each of the two different particles
and Cis the coefficient of the atom-pair potential. The Hamaker constant is of the order of
10
This can now be extended to measure the van der Waals interaction energy between two
macromolecular spheres of radius R; and R,:

-4, RR,

W(D)=—(——— .
D) 6D R1+R2) (3.28)

For a macromolecule, radius R, near a flat surface, this becomes:

— AR
W(D)=~"% (3.29)

For macromolecular particles, such as lipid vesicles, all the pair potentials between the
molecules can be summed, so that the net interaction energy depends on the size (radius)
of the vesicles. The net interaction energy decays more slowly, with interaction distance,

than for the case of two small molecules.

3.7.2.2. The electrical double layer

Systems where van der Waals interactions are the only ones present are very few and so
they do not provide the full explanation of the possible interactions between charged
particles or surfaces at distances of a few molecule diameters (nm or um). In addition to
the van der Waals interactions there will be electrostatic repulsion between particles which

have a surface charge. This electrostatic repulsion is significant here for two reasons.
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Firstly, to measure the vesicles zeta potential, using DLS, requires that the particles remain
separated in suspension. Secondly, the charged vesicles, when incubated near a polymer
surface, will experience an electrostatic interaction (attractive or repulsive) dependent on
their respective zeta potentials. This will affect their ability to fuse into a bilayer

membrane.

Surface charges on particles have a number of origins. The particles can contain chemically
charged groups, such as acid -COOH, which becomes charged by removal of a proton. In
electrolytes ions, such as Ca®* can be adsorbed from solution onto a negatively charged
surface. The result of this will be the formation of a charged surface of co-ions, which is
balanced by a layer of counterions, known as the Stern layer, electrostatically attracted to
the surface. In conjunction with this Stern layer there is a layer of more diffuse counterions,
which exchange rapidly by thermal agitation. Together these form the Gouy-Chapman
electrical double layer, as shown in Figure 3.20. The distribution of counterions near to a
surface can be determined using the Nernst equation .

In natural systems, ions present in solution, including Na* and Ca**, will change the
distribution and the electrical potential of charged surfaces. The Grahame equation 2 can
be used to relate the surface charge density to the surface potential. It can be shown that,
at constant surface charge density, the surface potential falls as the electrolyte
concentration increases. Divalent ions have a more pronounced effect on lowering the
surface potential than monovalent ions. As an example, the size of this diffuse double layer,
measured as the Debye length, in pure water at pH 7 measured 1 um, in 1M NadCl it

reduced to 0.3 nm.

3.7.2.3. Combining van der Waals and double-layer theory - DLVO

In practise, one must consider the combination of electrostatic and van der Waals
interactions and it is helpful to consider the combination of these using a graphical
representation, as demonstrated here between two particles. Figure 3.19, below, shows
the interaction energy at distances up to 30 nm. The van der Waals is purely attractive at all
distances and its decay characteristic, reducing as a function of distance, is shown by the
red plot. It is also almost insensitive to solution pH and ionic strength. The double-layer
repulsion, however, shows an fall in energy with distance from the surface, as shown by the

blue plot.
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As an illustration, in dilute electrolyte solution, where the Debye length is long, the
combination of the electrostatic repulsion and the van der Waals attraction (green plot). In
a solution of higher ionic strength the Debye length is shorter, resulting in a shift in the
peak to shorter distances. For surfaces of low charge density there will be a lower repulsion
and as the surface charge approaches zero the van der Waals attraction will dominate. The
green plot shows the combined effect, showing an energy barrier and an energy minimum

to close approach.
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Double Layer
~ DLVO
& 25 : Secondary
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£ 0
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T | — | T
0 10 20 30

Separation Distance (nm)

Figure 19 Graph showing the interaction energy for electrostatic and van der Waals
interactions for two particles. Taken from reference 49

To summarise, the interaction energies between particles or surfaces have van der Waals
and double layer contributions. The former are short ranged and usually attractive, whilst
the latter are usually repulsive. In the case of double layer repulsion this is affected by the

composition of the buffer, its pH and temperature.

3.7.3. Particle size

Dynamic light scattering techniques utilise the Brownian motion of small particles (<1um in
size) in suspension and the fact that larger particles move more slowly than smaller ones.
Laser light is incident on the solution and the effects of the particles in scattering the light
are utilised to measure the particle size. The correlation of reflected intensity, which
reduces over time, can be used to calculate the diffusion coefficient which is applied to the

Stokes-Einstein equation for computing the hydrodynamic radius:

D= kT
67nR

(3.30)
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D is proportional to the decaying correlation curve.

k is the Boltzmann constant

n is the medium viscosity

Ry is the hydrodynamic radius (some calculations use the diameter in which case the factor
3 is required, not 6. Size measurements are performed at 173° (or “back scattered”) or 7°

from the incident beam).

3.7.4. Particle zeta and electrophoresis

If an electric field is applied to a suspension of charged particles, this light scattering effect,
measured as a Doppler shift, can be used to measure the particles’ electrophoretic motion.
After taking into account the effect of the electroosmotic motion of the dispersion, the zeta
potential can be calculated. The zeta potential is assumed to be the overall charge a
particle acquires in a medium which depends on the surface chemistry of the particle and
the properties of the dispersant. The zeta potential of the particle is related to the surface
charge, however, as it is measured at the slipping plane, where the Stern layer of attached
counterions moves past the bulk solution it is more correctly describing its charge
interaction potential.”® Small changes in pH or ionic strength can have a marked effect on
zeta potential. The higher the particle zeta potential (>30 mV) the more stable and less

likely to aggregate the particle will be.

Zeta Potential

Electrical double layer

Zeta Potential = Electrical potential at the slipping plane
(Charge a particle acquires in a particular medium)

D20i1 Maivern Instruments Lid. - A SPECLNS company e —
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Figure 3.20: The accumulation of charged layers around a spherical particle in a dielectric
medium, showing the extent of the electrical double layer and its components, the Stern
layer and diffuse layers. Image from ref 51.

A charged particle in solution attracts counterions to its surface (Stern layer) and next to
this a further diffuse layer of mostly counterions and a few co-ions. Electrophoretic
mobility is the velocity of a charged particle relative to the liquid it is suspended in, under
the influence of an electric field.

It will move towards the electrode of opposite charge at a velocity which is proportional to
its zeta potential. There is a dependence on the dielectric constant, viscosity of the medium
and temperature.

For measurement purposes the incident beam is first split into a reference beam and an
active beam. The phase shift is measured, which is the rate of change of frequency with
time (Doppler shift). This is applied to the following equation to calculate the particle
mobility:

_ 2vsin(0/2)
= #

Where A is the wavelength of the incident laser light

Af (3.31)

v is the velocity of the particle

© is the scattering angle

Using Henry’s equation, the zeta potential is calculated using the applied field strength,
dielectric constant of the medium and its viscosity:-

_ 2¢&zf (ka)

3.32
3 (3.32)

Ug

where Uis the electrophoretic mobility,

g, is the dielectric constant of the medium

7 is the viscosity of the medium

The Henry function is f (ka). 1/ka is the Debye length, (where a is the particle radius) and is
expressed as the Smoluchowski approximation of 1.5 for applications in polar media when
the particle radius > double layer length.

Measurements are made using forward scatter and a detection angle of 13°.

3.7.4. Surface zeta potential
The above method is applied to small particles in suspension and has recently been

modified to measure the surface zeta potential of planar surfaces, using a similar
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methodology. The measurement is made by placing the small flat sample in a modified dip-
cell using the same effect felt at the surface of a particle at the slipping plane. A
polystyrene tracer particle dispersed in a buffer of 1% KCl is the mobile particle used to
make the measurements. To effect the measurements for the surface potential the
electrophoretic mobility of the tracer particle is measured and also the electroosmotic

effect in order to separate out the electrophoretic mobility component. This is explained in

the diagram below.
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Figure 3.21: The relative effects of electro-osmotic and electro-phoretic motion of
particles in a tracer solution at distances from a solid surface of interest. These are
measured to determine the surface zeta potential. Diagram from ref 52.

The process depends on taking measurements at positions A to D (125um, 250 um, 375
pum, 500 um) from the surface of interest. The red vectors indicate electrophoretic motion,
which is constant at the range of distances. The blue vectors indicate the electroosmotic
component which reduces with distance from the surface, to point E (at 1000 um) where

the component is electrophoretic only. The terminal velocity of particles in an electric field
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is reached faster (us) than for electroosmotic flow. A combination of fast- and slow-field

reversal measurements separates these two flow rates.
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Figure 3.22: Graphical representation of the measurements at positions above (Figure
3.21), showing the how the surface zeta potential is calculated. Graph from ref 52.

The Y intercept (of the displacement from surface (X) against apparent zeta potential (Y))
and the tracer potential at the point of 1000 um from the surface are both applied to the
following equation:

wan= - intercept + Cracer (3.33)

to provide the surface zeta potential of the surface of interest, using a non-interactive
tracer in a specified buffer at a specific pH and temperature.

Two other methods of measuring surface potential include streaming potential,®® which
requires specialist equipment, and capillary flow>*. Both methods also require careful
preparation and sealing of the samples. The adapted dip cell method used here to measure
surface zeta potential is preferred as it allows a small sample to be quickly installed in an
open dip-cell, with no sealing required. The measurements follow a simple protocol very

similar to that used for regular zeta potential measurements.

3.7.6. Errors

The accuracy of the measurements of size and zeta from this system depends on the
concentration of the suspensions. Sizing can be done in 4 mg/mL solutions but for the zeta
they need to be diluted to 1/10 of this. Both measurements can be made satisfactorily at

0.4 mg/mL.
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There are many error messages which can be recorded by the system during reading. They
include: too high or low sample concentration, or that bubbles are present in the sample,

which can be corrected easily.
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Figure 3.23: (a) Phase plot, indicating fast field reversal with time and (b) distribution
plots, which determine the distribution of result values and both should be as close to
these ideals of good data is to be obtained. >

Two important checks must be performed during measurement. These are to view the
phase plot and frequency distributions, as shown in Figure 3.23, and make any necessary
adjustments to ensure a good reading, as shown in Figure 3.24 for the size distribution

where the fit of the three measurements is as uniform as possible.
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Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 63.35 Peak 1: 66.13 100.0 14.27
Pdl: 0028 Peak 2: 0.000 0.0 0.000
Intercept: 0.964 Peak 3: 0.000 00 0.000
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Figure 3.24: Example of good quality size measurement of SUVs using a Zetasizer nano.

When measuring the surface zeta potential the whole process does take about 1 h per
measurement, so a series of pH experiments can take a day and some deterioration of the

sample is possible during this time.

3.8. Other analysis tools

The principle analysis tools used to gather data for this thesis, of contact angle, FRAP and
DLS were described in detail above. AFM, along with TIRF and dark field are methods that
were used less frequently and only in collaboration with other researchers who were

experts in their operation, so they are also described briefly here.

3.8.1. UV/vis spectrometry

The UV vis spectrophotometer was used to collect data on the adsorption spectrum of
proteorhodopsin and Cytb03 before and after incorporation of the proteins into lipid
vesicles. To calculate the absorbance after incorporation the vesicle need to be re-
solubilised with detergent to release the protein. From that data an estimate of the
amount of protein which has been incorporated can be made. During UV vis spectroscopy
two samples are measured simultaneously, one is the sample to be tested in buffer and the

other is buffer only.
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Figure 3.25: (a) Example of UV vis spectrum, indicating peaks of absorbance and the
colour of the light at that wavelength. (b) Example of a UV vis absorbance v wavelength
plot.

Light from a monochromatic source is split into two beams so that one passes through each
of the two samples. The light through the buffer becomes the reference beam (l,) and
should have almost 100% transmittance. The light from the sample (I) is compared to it and
as the concentration of the sample is increased, by a known amount, the transmittance will
fall. A plot is made of the concentration (x axis) against transmittance (y axis), which is an
exponential plot.

The Beer Lambert law is used to convert this exponential percentage transmittance into a
more useful linear plot whereby the negative log of the transmittance yields an absorbance

value for a given compound or protein.
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3.8.2. Atomic Force Microscopy (AFM)

In this project AFM microscopy was used to confirm the results of lipid bilayer formation
after performing FRAP and analysing the diffusion coefficients on a limited number of
samples. The results required from the imaging were:(1) to assess the root mean square
(rms) roughness of the bilayer or lipid vesicle surface, (2) to make a breakthrough force
curve measurement and (3) to completely remove an area (or use a pre-formed scratch) of
sample of the bilayer on the polymer in order to assess the combined height of both. The
scanned images of the polymer supported bilayers were made using standard AFM
methodology. The measurements were made using a cantilever with a silicon nitride tip,
which was 100 nm or less at its point. (see Figure 3.25) The deflection of a laser beam,
following the movement of the tip was detected by a piezo detector. This signal was

converted into a height or phase image as shown in Figure 3.27.
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Figure 3.26: Cartoon showing the incident and reflected laser light from the AFM tip and
how an image is produced. Taken from reference 56

The height image showed the surface topography, in a nm greyscale, where a whiter area

represented the higher points on the scanned surface. The phase image indicated the
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mechanical properties or stiffness of the sample. The images were made in contact mode,
whereby the tip was drawn across the surface or in tapping mode. Tapping mode was
preferred for soft samples because there was no direct contact between the tip and the
sample. In addition, the tapping mode scanning process involved oscillating the tip as high
resonant frequency and using a feedback loop to adjust the tip/surface interaction force to
obtain the best results as scanning took place. These imaging scans indicated the rms
roughness of the surface. The images were of sufficiently high resolution to distinguish
between adsorbed vesicles and a lipid bilayer. The breakthrough force curve, which was
made during the scanning process, proved whether or not a bilayer was formed on the
polymer. The breakthrough force curve was made by applying additional force (¥0.32 Nm’
') and detecting the force changes as the tip first broke through the bilayer and then

passed to the other side.”’
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Figure 3.27: AFM force curve to measure a bilayer thickness for POPC on glass.

The force curve plotted in Figure 3.27 shows the distance scale on the Z axis where each
measurement block is 2.56 nm wide. The force exerted is shown on the Y axis. The white
plot (right to left) shows the force effect on the tip as it approaches and is forced through
the bilayer. The force is initially constant but then increases exponentially until it breaks
into and through the bilayer. At this point there is a constant force value measured along

the Z axis which represents the thickness of the bilayer. On the above graph this is ~5nm,
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which is indicative of a single bilayer. After breaking through the bilayer the force increases
again as it approaches the glass surface. The yellow plot represents the reverse process as

the tip is removed from its break-through point and withdrawn back through the bilayer.

Data type

Figure 3.28: AFM surface scans of POPC bilayer (a) height scan and (b) phase image in
tapping mode.

The left image in Figure 3.28 (a), shows a tapping mode height image of the lipid surface. It
indicates a fairly homogeneous bilayer with some vesicles on the surface. (Lighter objects
are higher and the scale bar is 10 nm). The right image, Figure 3.28 (b), is the phase image,
showing the difference in phase between that applied to the tip and that experienced by
the tip at the surface. This is determined by the tip’s interaction with the bilayer suggestive

of its (soft) mechanical properties.
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Figure 3.29: Contact mode image of surface which appears to be covered in vesicles.

The image in Figure 3.29 shows a contact mode image of a vesicular layer of lipids on a
surface, of 40 nm in height, clearly showing a different picture to that in Figure 3.28 of a
smooth bilayer with few elevated features. Both scans were made of an area 8 pm®.

This methodology is thus an excellent way of distinguishing between a vesicular layer and a

smooth bilayer.

3.8.3. Total internal reflection microscopy (TIRF)

The information was collected from the instrument supplier, Nikon’s operating manual.
Fluorescence microscopy is used extensively to study the activity of fluorophores in
biological samples, but a method such as FRAP views a large area (microns in size) and does
not distinguish between the fluorophores in the sample and those unwanted signals from
the surrounding medium. To improve the signal to noise ratio TIRF microscopy utilises the
evanescent wave generated on a small area of sample (mounted on glass in a liquid
medium) when a collimated light beam is incident and then totally internally reflected at

the air-water interface, according to Snell’s law.>® *°
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n()xsin6(1) =n(2)xsinH(2) (3.34)

Snell’s law relates the incident and refracted angles of light travelling between media with

different refractive indices where n(1) is the higher refractive index and n(2) the lower.
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Figure 3.30: Diagram of the TIRF cell, showing the angles of incidence and reflection of
the light beam to be greater than the critical angle, producing an evanescent wave at the
sample surface.

When using a glass microscope slide and a sample in buffer the respective refractive indices
will be approximately 1.52 and 1.35, respectively. The angle to the normal, sin©(1) is the
angle of the incident light beam and sin©(2) is that of the refracted beam. The light has to
be transmitted into a medium with a lower refractive index and when the light strikes the

I”

interface at an angle higher than the “critical” angle the refracted beam is reflected back
into the first medium. This generates a localised electromagnetic field close to the interface
in the lower index medium. This localised field excites fluorophores only in that location.
This evanescent field has the same frequency as the incident light and decays
exponentially, giving TIRF the ability to focus on an area of the sample 100 nm deep (by a
few hundred nm), thereby restricting the observation area.®® This makes it possible to

detect single-molecule fluorescence and to observe processes taking place at the cell

surface.

3.8.4. Dark field microscopy
Again, this information is mostly retrieved from the instrument maker (Nikon’s) instruction
manual. Dark field microscopy is used to view very thin samples which cannot be stained or

used with fluorescent probes. The light which normally illuminates the sample is partially
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blocked in the centre, creating a hollow cone of light, which is refocused onto the sample.
Oblique light rays strike the sample and the image is created by collecting light which has
scattered off the sample. Care must be exercised to keep the sample slides dust free as
dust particles will cause scattering also.®® In this thesis the system was used to observe the

light scattered off 5 nm gold nanodots attached to proteins.
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Figure 3.31: Path of light through dark field microscope, showing how the main beam is
diverted away from the sample. Light diffracted by the sample itself is collected to create
the image.

3.8.5. Other methods for measuring bilayer formation

In addition to the methods presented of FRAP and AFM it is also possible to characterised a
well formed bilayer using ellipsometry, surface plasmon resonance (SPR) and electrical
impedence (EIS) spectroscopy.

Ellipsometry measure the change in thickness of a sample, for example as a polymer layer
is grown on mica to nm level accuracy by quantifying the change in the polarisation of the
incident laser radiation. The polarisation change is measured by the amplitude ratio ¥ and

the phase differences, A , without making contact with the surface.®
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SPR ®% is used to measure the formation of bilayers on a gold surface. The surface plasmon
polariton is an electromagnetic surface wave that propagates in a manner parallel to the
dielectric material boundary. As the wave exists at the boundary it is sensitive to changes at

this boundary, such as those made by depositing a lipid bilayer on the surface.

When using EIS® an AC potential is applied across a pre-formed bilayer on a conducting
surface. The sinusoidal values of the current produced are measured. The result is
measured as changes in phase and analysed as a Fourier series of sinusoidal functions. The
change in impedance inferred from the graphical output indicates the resistance of the
bilayer to the applied voltage. If the impedance is high this indicates that a sealing bilayer
has been formed with minimal defects. A low resistance would suggest defects and holes in

the bilayer through which the applied field could pass without resistance.

There are advantages and disadvantages to using these in the systems presented here.
Ellipsometry is used to measure the thickness of thin films on mica and is successfully
employed in the dry state. It can be used to measure a system under liquid, but is more
complex process. SPR is a commonly used method to follow the formation of a bilayer, but
requires the samples to be formed on gold. Similarly when using the EIS method to test the
integrity of the bilayer, the system must be prepared on gold. The preparation of the
polymer brush PCysMA on gold was attempted but the chemistry was not perfected and
the system was unstable, the polymer being removed when not maintained in organic

solvent.
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4. Experimental methods

4.1. Bilayer formation and characterisation

4.1.1. Lipids

The lipids used for this study were POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) DOPG
1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (all obtained with 99%
purity from Avanti Polar Lipids, Alabaster, AL). These lipids are fluid at room temperature
and have transition temperatures of just below 0 °C. Texas Red DHPE (1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine triethylammonium salt; Invitrogen) was used as a
fluorescent probe. The dried lipids were used as received and dissolved in a 50:50 mixture
of HPLC-grade chloroform and methanol prior to transfer into glass vials in the following
molar ratios:

99.5:0.5 POPC:Texas Red (subsequently denoted as “POPC”),
9.75:89.75:0.5 DOTAP:POPC:Texas Red (denoted as “10% DOTAP”),
24.75:74.75:0.5 DOTAP:POPC:Texas Red (denoted as “25% DOTAP”) and
49.75:49.75:0.5 DOTAP:POPC:Texas Red (denoted as “50% DOTAP”).

Similar ratios were used substituting DOPG for DOTAP, with the addition of
74.75:24.75:0.5 DOPG:POPC:Texas Red “75% DOPG”
89.75:9.75:0.5 DOPG:POPC:Texas Red “90% DOPG”

The solvent was removed by drying the lipid under a flow of nitrogen gas for 1 h. Once
fully dry, the lipids were hydrated using a phosphate buffer, which is a 10 mM mixture of
sodium dihydrogen phosphate and disodium hydrogen phosphate in MilliQ water (18.2 MQ
cm’, MilliPore Ltd, Watford, UK) adjusted to pH 7.1 with NaOH or HCI. The same buffer was
used for ionic strength experiments, but with the addition of NaCl to achieve the required
molarity (up to 140 mM). HCl was obtained from Fisher Scientific and all other chemicals

were purchased from Sigma Aldrich.

4.1.2. Vesicle preparation

The dried lipids were rehydrated into MilliQ water or “phosphate” buffer (10mM sodium
dihydrogen phosphate and disodium hydrogen phosphate in MilliQ) adjusted to pH 7 with
sodium hydroxide or hydrochloric acid. (All solid chemicals are purchased from Sigma
Aldrich and liquids from Fisher Scientific). The hydrated lipids at a concentration of 1

mg/mL were vortexed for 1 minute at full speed (Vortex Genie2, Jencons Ltd., Leighton
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Buzzard, UK) to create multilamellar vesicles as a cloudy suspension. Small unilamellar
vesicles were prepared by tip sonication (Branson Sonifier 750, Branson Ultrasonics Corp.,
Danbury, CT) of the suspension at 4°C for 20 minutes, during which time the suspension
became clear. The suspension was centrifuged (Heraeus Fresco 17, Thermo Fisher
Scientific, Loughborough, UK) for 1 minute at 14,500 G after which the supernatant was
removed, leaving unwanted titanium particles. The suspension was diluted to 0.5 mg/mL

for use and stored for no longer than 5 days at 4°C in the dark.

4.1.3. Bicelle preparation using long and short-chain lipids

The lipids used for this study were POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) and 1,2-hexyanoyl-
sn-glycero-3-phosphocholine (DHPC-C6). These were dried together and prepared as
presented in 4.1.2. in the mol ratios:

12.3:37.3:49.9:0.5 DOTAP:POPC:DHPC-C6:Texas Red (denoted as “25% DOTAP- C6”) and
24.8:24.8:49.9:0.5 DOTAP:POPC:DHPC-C6:Texas Red (denoted as “50% DOTAP-C6”).

The reconstitution and tip sonication followed the protocol in 4.1.2.

4.1.4. Surface preparation

The 18 mm diameter round glass coverslips (VWR International Ltd., UK) used for studying
bilayer diffusion were cleaned by sonication in a 2% Decon-90 solution (Decon Laboratories
Ltd., Hove, UK). These slides were then rinsed with MilliQ water, sonicated with water and
sonicated again with propan-2-ol (ultrasonic bath for 10 min). Finally, they were rinsed
extensively with MilliQ water and cleaned using a piranha solution (a mixture of 30%
hydrogen peroxide and 70% sulfuric acid) for 5 minutes. Polymer brushes were grown from
these coverslips and immediately before bilayer formation experiments the polymer
brushes were rinsed with propan-2-ol and MilliQ water with a further brief period of

sonication. All samples were dried under a flow of nitrogen gas.

4.1.5. Supported Lipid Bilayer Formation by lipid vesicle incubation

Bilayer formation on bare glass (controls) and the polymer brush-coated glass took place in
a custom-built flow cell (as shown in Chapter 3). For bare glass substrates, the vesicles were
injected and incubated for 1.0 h at 22°C. The samples were subsequently rinsed for 20 min
with degassed MilliQ water at a flow rate of 2.6 mL min™. For the brush-coated surfaces the

samples were first soaked with buffer solution for 15 min followed by injection with
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vesicles at 22°C, before a subsequent incubation for 1 h at 50° C, in the dark. The samples
were subsequently rinsed for 20 min with degassed MilliQ water at a flow rate of 2.6 mL
min™". FRAP studies were then conducted. Samples where an immobile bilayer was
observed were incubated for a further 48 h at 22° C, rinsed and imaged again. Samples
where an incompletely formed bilayer was seen were incubated with a second aliquot of
lipid for a further 48 h at 22° C .The samples with completely formed bilayers were checked

for stability after 5 days storage at 22° C.

4.1.6. Supported lipid bilayer formation using spin-coating of lipids

The polymer sample, on an 18 mm round glass coverslip, was placed in a spin-coater (WS-
650 Lite spin processor, Laurell Technologies Corporation, North Wales, PA, USA). The
sample was sealed under N, and the chamber evacuated using a vacuum pump. A “25 %
DOTAP” lipid mixture of DOTAP:POPC lipids (as described above), was dissolved in
isopropanol (a good solvent for PCysMA), to a concentration of 1.5 mg/mL. Aliquots of 100
uL of this mixture were injected into the evaporator onto the N, dried sample, which had
previously been rinsed with MilliQ water and isopropanol. The sample was immediately set
to spin at 500 rpm for 1s and then at 2000 rpm for 30 s. The sample was removed from the
spin-coater and transferred to an oven to dry/anneal at 50°C for one hour. The hydration
process took place very slowly in a damp atmosphere for 24 h, without direct contact with

the water or buffer.

4.1.7. Fluorescence recovery after photobleaching (FRAP)

The incorporation of fluorescent probes into the lipid vesicles used for forming the bilayers
enables the use of fluorescence spectroscopy to study bilayer behaviour. To view the
samples and to perform FRAP an epifluorescence microscope was used (E300 Nikon, USA).
The sample was illuminated and bleached by a high pressure mercury arc lamp. The
bleached area radius, as close to the centre of the field of view as possible, is 14 um a when
using a 40x objective. A combination of filter blocks and dichroic mirrors were used to
excite the fluorophore at the correct wavelength. The emitted light was collected by an
Orca-ER CCD camera (Hamamatsu Photonics Ltd. Welwyn Garden City, UK) and recorded
on NIS elements software. A time series of images was collected to track the fluorescence
recovery as the bleached fluorophores diffused out of the centre spot. A diffusion rate and
mobile fraction for the bilayers were calculated by processing the images in ImageJ and

using the Axelrod * method in OriginPro (Originlab), as described in Chapter 3.
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4.1.8. Size and Zeta Potential Characterization of Lipid Vesicles (DLS)

These parameters were determined using a Zetasizer Nano ZS instrument (Malvern
Instruments, Malvern, UK) at 25 °C or 50 °C equipped with a folded capillary cell (DTS 1060
or 1070). The detection angle was 12° and the particle mobility was converted into zeta
potential using the Smoluchowski approximation.” Three measurements were made on
each of the samples, and data were averaged (with the elimination of any poor quality
readings as determined by the software (see Chapter 3). The intensity-average
hydrodynamic diameter was also determined in all cases to assess the colloidal stability of
the lipid vesicles. The effect of elevated temperature (used for incubation of lipids on the
brushes) was examined by maintaining the lipid vesicles in the zeta cell at 50 °C for 1 h and
then repeating the zeta potential and particle size measurements. The vesicle size
measurements utilized dynamic light scattering at a detection angle of 173° (with three
measurements being recorded per sample of which each of these was a statistical average
of up to 100 readings created by the instrument’s software). The least squares algorithm
was used within the instrument software to analyze the data and the “number” count used

to determine the size.

4.1.9. Surface zeta potentials

These were measured for the bare glass and polymer brush-coated glass substrates and
were determined using a Zetasizer Nano dip cell, (ZEN 1020), which is used in conjunction
with the Zetasizer Nano ZS instrument. The dip cell holds a small flat sample (4 mm by 7
mm) of the planar surface of interest. Measurements were recorded at 25 °C and 50 °C
with the sample suspended in a 0.01% aqueous dispersion of non-adsorbing sterically-
stabilized polystyrene latex in 1 mM KCl as the tracer particles. Zeta potential
measurements were recorded at various positions (125 pum, 250 um, 375 um, 500 um and
1000 um) from the planar substrate. The electrophoretic motion was constant across this
distance range, whereas the electro-osmotic effect is reduced with distance from the
surface, to a point (at 1000 um) where only electrophoretic behavior was observed. The

machine software provided the final measurement of the surface zeta potential.

4.1.10. Atomic Force Microscopy (AFM)
AFM images and measurements of the breakthrough force, as described in chapter 6, were

made at 22 °C using a Bioscope AFM instrument equipped with a NanoScope Il controller
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(Bruker Daltonics, Billerica, MA) and an inverted wide-field Axiovert 200 fluorescence
microscope (Carl Zeiss, Inc., Thornwood, NY). Oxide-sharpened silicon nitride tips were
used in tapping or contact mode with a spring constant of 0.32 N m™ and all images were
recorded on polymer brush-coated glass substrates before and after bilayer formation.

The final AFM images, described in chapter 7, where protein was incorporated into the
bilayer, were acquired on a MFP-3D-SA (Asylum Research) operating in intermittent
contact mode using SNL cantilevers (Bruker) with nominal spring constants of 0.24 N/m and

imaging forces of ca. 175 pN.

4.12.12. 'H NMR spectroscopy

A 2.0 % w/w aqueous solution of poly(cysteine methacrylate) PCysMA;, homopolymer
(mean degree of polymerization = 30) was heated to 50 °C, at pH 7 in D,0. Spectra were
recorded over a 2 h period to examine whether hydrolytic degradation occurred under

these conditions.

4.1.13. Method 1 for protein reconstitution >

The lipids used in this study were 16:0-18:1 1-palmitoyl-2-oleoyl-snglycero-3-
phosphocholine (POPC), 18:1 (D9-Cis) 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG),
18:1 1,2dioleoyl-3 trimethylammoniumpropane (DOTAP) lipid (Avanti Polar Lipids,
Alabaster, AL).

Dye encapsulated lipid vesicles were prepared by first preparing a solution of 5,6
carboxyfluorescein (CF) at 0.05mM in 10mm HEPES buffer at pH6. This was added to lipids
which had been dried in the ratio of 20:80 DOTAP, for cationic vesicles and DOPG for
anionic vesicles. The second constituent was POPC and the final concentration of lipids was
3 mg/mL.

The CF/lipid mixture was vortexed for 1 min until cloudy. It was stored in the dark on ice
until extruded. Vesicles were extruded 20 times using a 200 nm polycarbonate membrane
(Avanti Polar Lipids). To remove the excess carboxyfluorescein a desalting column (Zeba
spin) was used, taking lipid aliquots of 130 uL, followed by spinning for 2 min and rinsing
with 5 x 130 uL buffer for each lipid/CF aliquot.

The mixture was maintained in the dark and 95ul of 0.05mM BDDM detergent (in 10 mM
HEPES at pH6.2 added to 480ul of CF encapsulated lipid vesicles. This was left to solubilise

for 45 mins, on in the dark, on ice.
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To incorporate the protein at a molar ratio of 1:500 by weight, 8ul of the purified
proteorhodopsin at 12mg/ml in a 10 mM HEPES buffer with 0.05% BDDM was added to the
liposome mixture. The final mixture contained 0.0088% BDDM, just above the CMC and
was incubated for an hour on ice.

Following protein incorporation into the liposomes, Biobeads were used for detergent
removal. They were prepared by twice rinsing with methanol and then three times with
MilliQ. Finally they were rinsed with the HEPES buffer and left to soak overnight. Six
samples were weighed out for use (160mg/per ml of lipid /protein/BDDM mixture).The
proteoliposome mixture was added onto the first aliquot of Biobeads and left for 1 h with
gentle stirring. This process was repeated for each of the remaining five measures of
Biobeads. After removing the final Biobeads the supernatant was diluted to 0.6 mg/mL
using 10mM HEPES at pH 6.2. The sample was illuminated at 490 nm & 460 nm and the
ratio of the emissions at 530 nm was measured for these two wavelengths, using a
ultraviolet/visible (UV vis) (Fluorolog© HORIBA Jobin Yvon IBH Ltd., Glasgow, UK)

spectrometer. A CF calibration graph against the change in pH was plotted.

4.1.14. Method 2 for protein reconstitution

A total of 5mg was dried in a ratio of 1:3 of DOTAP:POPC. This was rehydrated with 175 plL
MilliQ water and 312.5 puL 40mM MOPS/60mM K,SO,) was added. It was vortexed for 0.5
min at maximum speed, followed by a very brief bath sonication to ensure all lipids were in
suspension. To these multilamellar vesicles 137.5 pL of 0.25 M Octyl B-D-glucopyranoside
(OG) detergent 298% (GC), Sigma Aldrich 3050 Spruce Street, Saint Louis, MO 63103, USA),
was added to solubilise the vesicles. This was mixed gently by hand and centrifuged very
briefly to separate detergent bubbles. A UV/vis spectrum was recorded (Perkin Elmer
Lambda 35 UV/vis system, London UK) as the background measure to compare to the
absorbance peak of the protein at 408 nm.

The purified Cytochrome bo3 was added to a 1% w/w protein/lipid in a quantity of 13.9ulL
at 3.6mg/mL, which is classed as purified protein and incubated on ice for 15 min. The
UV/vis was repeated and compared to the background reading.

Biobeads (Bio-Rad Laboratories, Hertfordshire, UK ) were used to remove the detergent in
5 stages, the first three using 0.05g Biobeads and incubating for | h, then using 0.1 g and
incubating for 2 hours. The supernatant was collected and transferred to a centrifuge tube
filled with buffer at K,5S0, 30mM/ MOPS-KOH at 20mM. The effect of this rapid dilution

should remove the last traces of detergent. It was centrifuged for 1 hour at 35000 rpm
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using a at 4°C in vacuum (Optima ‘S’ class UL 90, Beckman Coulter, High Wycombe, UK),
with a Ti50 rotor. The unincorporated protein will be removed by this step, leaving a pellet
of proteoliposomes in the tube.

Quick rinsing with 488 uL of buffer was used to rehydrate the protein. This was then
centrifuged at 17,000 G for 3 minutes and the supernatant removed for use. In the first
instance it is necessary to confirm that the protein is incorporated as there is no positive
assay for this method. It is assumed that all unincorporated protein has been removed in
the centrifuge process, so the proteoliposomes must be broken down again by adding
more detergent and the UV vis spectrum repeated. Results for the published method using

cytbo3 and E. Coli lipids indicate a 35% incorporation rate.

4.1.15. Detergent depletion for bilayer formation

BDDM (Sigma Aldrich) was dissolved in 10 mM sodium phosphate buffer at 6mg/mL.
Multilamellar vesicles of 25:75 DOTAP:POPC, at a concentration of 1 mg/mL in the same
phosphate buffer were vortexed until cloudy. A 3:1 BDDM:lipid mixture was made and the
solution diluted so that the lipids were diluted to a final concentration of 0.25 mg/mL. The
mixture was left for 15 min to allow solubilisation to complete and then 25 puL of the
protein vesicles were added: “03/11/201 C10H 5 nm Gold (20mM Mops pH7 200mM NaCl
~45% Sucrose Band 1) wild type vesicles with bc1 complex as 10histidine tag on the Ct of the
C subunit where the gold is bounded Ni/NTA” (as supplied by MLC, Sheffield). After
detergent incorporation the mixture was incubated on a piranha cleaned 18 mm round
glass coverslip for 1 h in flow cell, at 22°C. The sample was then rinsed at 0.1ml/min for 10
min, then at 0.25ml/min for 10 min, at 1.0ml/min for 10 min then at 2.6ml/min for 20 min.
The sample was then ready for FRAP.

The same protocol was used for the PCysMA, which was grafted from a similar 18 mm

round glass coverslip.

4.1.16. Total Internal Reflection microscopy (TIRF), dark field

For TIRF/dark field experiments the 18 mm round glass coverslips were sealed in a home-
made flow cell as described in Chapter 3. The TIRF measurements taken in collaboration
with Johannes Roth, using a Nikon, TE300 inverted microscope with an Andor Luca-R
EMCCD, low intensity, monochrome camera and an Olympus 60x oil immersion TIRF

objective. The lasers, with an illumination radius of 30 um, were 594 nm and 491 nm with a
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filter and dichroic mirror to collect only FITC and Texas Red emission. The bleached spot
used for FRAP was of a 2 um radius.

The dark field images were recorded through a 100x oil immersion objective and a Nikon
dark field condenser. All the light was captured on a Canon EOS 550D colour camera. The
setting included no binning, the electronic gain multiplier set to 50, with 80 ms acquisition

times. The laser intensity was 1-5 mW. The image size was 136 um?>.

4.2. Polymer brushes

The polymer brushes were all prepared by chemists in the Armes and Leggett Polymer
Groups at the University of Sheffield. A summary of the methods, from their original
sources, is provided for completeness with signposting to where these methods were
reported in the literature. This level of detail is not essential, but elements of the
preparation methods are mentioned in the results chapters when they may have
influenced the bilayer formation and testing.

All the zwitterionic and anionic brushes discussed in chapter 5 and the amine-based
polymer brush variants (chapter 6) examined in this work were grown using surface
initiated ATRP and the structures for these are shown in chapter 5 and 6.

Briefly, a 3-aminopropyltriethoxysilane (APTES) silane layer was adsorbed from ethanol
onto a piranha cleaned 18 mm round glass coverslips for bilayer testing. This created a
suitably reactive amine self-assembled monolayer surface which was then reacted with 2-
bromoisobutyryl bromide (BIBB) and triethylamine in dichloromethane (DCM). The ratio of
these components was used to determine the grafting density of the brushes. These
initiator-functionalized surfaces were subsequently reacted with the relevant brush
monomers in an inert atmosphere where the reaction time correlated to the length of the
brush and has been characterized in detail elsewhere, and summarized below. **

All brush layers were characterized, by the Sheffield group, using a combination of AFM,
XPS, and ellipsometry. For the majority of the work described herein, dry brush thicknesses

between 5-9 nm were used, however, longer brushes of up to 25 nm, were tested.

4.2.1. Silane initiator

All glassware was cleaned using piranha solution before use. Silane SAMs were prepared by
immersion of silicon wafer or glass microscope slides in a solution of 3-
aminopropyltriethoxysilane (APTES) 2% (v/v) in ethanol (HPLC grade). After the substrates

had been immersed in this solution for 30 min, the samples were rinsed with ethanol, dried
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under N, and then baked for 30 min at 120°C. Aminosilane SAMs were immersed in a
solution of bromoisobutyryl bromide (BIBB) (0.37 mL, 3 mmol) and triethylamine (0.41 mL,
of 3 mmol) in 60 ml of dichloromethane (DCM) for 30 min. Subsequently, the samples were

rinsed with ethanol and DCM and dried under nitrogen. ®

4.2.2. 2-(tert-butylamino)ethylmethacrylate (PTBAEMA)

The next stage of the ATRP process requires reacting the monomer, TBAEMA, with a
catalyst of Cu(l)Br/Cu(ll)Br,/TPMA in an inert atmosphere. TBAEMA (5.0 g, 27 mmol) was
dissolved in isopropanol (IPA; 5.0 mL) at 20 °C, degassed by passing a continuous stream of
nitrogen through the solution for 30 min while stirring the solution. TPMA (58.8 mg, 0.203
mmol), and Cu(ll)Br2 (15.0 mg, 0.068 mmol) were added to the solution and degassed for
20 min. Cu(l)Br (19.0 mg, 0.135 mmol) was added and the mixture was degassed for a
further 10 min. Initiator-functionalised wafers were sealed in Schlenk tubes and degassed
via three vacuum/nitrogen cycles. The monomer/catalyst mixture (2 mL) was added by
syringe into each tube under a nitrogen atmosphere and the surface polymerization of
TBAEMA was allowed to proceed at 20 °C (scheme 3.3). The samples were removed after
various polymerization times, followed by washing with IPA and ethanol several times. *
The PTBAEMA was crosslinked using the following protocol: Secondary amine groups on
the PTBAEMA repeats units are cross-linkable. Tolylene 2, 4-diisocyanate-terminated
poly(propylene glycol) (PPG-TDI) was selected because it has two terminal isocyanate
groups which can form robust urea bonds. THF is a good solvent for PTBAEMA so the
brushes will be highly swollen and the PPG-TDI cross linker will react with secondary amine
groups through the brush layer. On other hand if the poor solvent for PTBAEMA brushes, n-
hexane, is selected for cross-linking, then the brush layer will be collapsed and the cross

linker will only react with the upper surface.?

4.2.3. poly (N,N- dimethylamino ethylmethacrylate) PDMAEMA

DMAEMA (47.1 g, 30 mmol) was dissolved in DMF (50 mL), deoxygenated for 20 min, and
stored under N2 prior to use. HMTETA (0.30 mL, 0.15 mmol) was added to the solution and
deoxygenated for 10 min, after which Cu(l)Br (0.14 g, 0.10 mmol) was added and the
monomer/catalyst mixture was deoxygenated for a further 10 min. Initiator-coated wafers
were sealed in Schlenk tubes and deoxygenated via three vacuum/nitrogen cycles. The
monomer/catalyst solution (5.0 mL) was syringed into each tube under a nitrogen

atmosphere, and the surface polymerization of DMAEMA was allowed to proceed at 90 °C
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for the desired reaction time. Each polymerization was quenched by removing the wafer
from its Schlenk tube, followed by washing with IPA and ethanol several times to remove

excess monomer and catalyst. o

4.2.4. Quaternization of PDMAEMA Brushes, with C18 and C12 chains

1- lodooctadecane (or C12) for solutions ranging in concentration from 0.1 to 200 uM were
prepared freshly in 10 mL of n-hexane before use. PDMAEMA brush-coated glass coverslips
were prepared as described above and immersed in various 1-iodooctadecane solutions for
approximately 18 h at 20 °C. The resulting surface-quaternized PDMAEMA “C-18" brushes
were then rinsed using n-hexane, ethanol, and acetone, with further sonication in n-hexane
for 10 min followed by drying under a stream of N2 gas.

The reagent was selected to provide attach a C12 or C18 chain to the polymer. The solvent
is chosen such that in a good solvent the brush is extended and would quaternise

throughout the chain, whereas in a poor solvent the top only is quaternised.™

4.2.5. poly(2-(Methacryloyloxy)ethyl trimethylammonium chloride) (PMETAC)
2-(Methacryloyloxy)ethyl trimethylammonium chloride (METAC) (13.85 g, 67 mmol) was
dissolved in 20 mL of a 1:4 mixture of water and isopropanol. Bipy (382 mg, 2.4 mmol) and
CuBr2 (11.2 mg, 0.05 mmol) were added. The mixture was stirred and degassed for 1 h and
then CuBr (144 mg, 1.0 mmol) was added to the solution. Initiator-functionalized silicon
wafers were sealed in Radley tubes, and degassed via repeated vacuum/refill cycles, and
enough polymerization solution was added to each tube to submerge the substrate
completely. After a range of polymerization times, the samples were removed and washed
with water and methanol. The samples were briefly sonicated and thoroughly rinsed with

deionized water and methanol, followed by drying under a nitrogen stream.**

4.2.6. Preparation of poly[2-(methacryloyloxy)ethyl phosphorylcholine] PMPC brushes
MPC (6.0 g, 20 mmol) was placed in a flask under a nitrogen atmosphere after four
pump/refill cycles. Water and methanol were degassed separately by a stream of nitrogen
(for at least 60 min). Water (5 mL) and methanol (5 mL) were added to the MPC by syringe
at room temperature. CuBr (48.4 mg, 0.338 mmol), CuBr2 (36.8 mg, 0.165 mmol), and 2,2'-
bipyridine (157.5 mg, 1.014 mmol) were added, then the mixture was stirred under
nitrogen for 10 min and then briefly immersed in an ultrasonic bath to aid catalyst

dissolution. Initiator-functionalized glasses were sealed in Schlenk tubes, degassed, then
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filled with nitrogen. The polymerization solution (2 mL) was added to each tube from a
syringe. After various times, individual tubes were opened and washed with water and
methanol. The PMPC brush-coated glasses were briefly sonicated removed and then rinsed

with water and methanol, and dried under a nitrogen stream. *2

4.2.7. Preparation of poly(3-sulfopropylmethacrylate potassium salt) (PKSPMA) brushes
3-Sulfopropylmethacrylate potassium salt monomer (5.0 g, 20 mmol) was dissolved by
stirring in 6 mL of methanol and 3 mL of water at room temperature. Bipy (187 mg, 1.2
mmol) and CuBr2 (32 mg, 0.14 mmol) were added to the solution. The mixture was stirred,
degassed using nitrogen stream bubbling for 60 min then CuBr (47.5 mg, 0.386 mmol) was
added. The mixture was stirred and degassed for 10 min. Initiator-functionalized wafers
were sealed in a Schlenk tube and degassed (four vacuum pump/N, refill cycles). The
reaction mixture was added to this Schlenk tube using a syringe by adding enough solution
to cover the sample completely. After a range of suitable polymerization times, the
samples were removed and washed with water and methanol. The samples were briefly
sonicated and thoroughly rinsed with deionized water and methanol, followed by drying

under a nitrogen stream. 3

4.2.8. Preparation of poly(cysteine methacrylate) (PCysMA) brushes

Surface initiator-functionalized glass cover slips were placed in Schlenk tubes, degassed,
then filled with N2. CysMA (5.0 g, 15.0 mmol) was dissolved in deionized water (12.0 mL) at
200C and degassed for 30 min. Cu(l)Br (71.4 mg, 0.5 mmol), bipy (234 mg, 1.5 mmol) and
Cu(Il)Br2 (55.6 mg, 0.25 mmol) were added to the solution. This reaction mixture was
degassed for 10 min, and then briefly sonicated. Polymerization solution (2 mL) was
transferred into each Schlenk tube. After 15 min, the substrates were removed, sonicated

in water and rinsed with ethanol, and then dried with N,.**

4.2.9. Preparation of poly(methacrylic acid) (PMAA) brushes

The initiator-covered silicon substrates were placed in dry vials and purged with argon for 1
h. Sodium methacrylate (5.40 g, 50 mmol) was dissolved in the ATRP medium (10mL). The
monomer solution was degassed with argon for 30 min and then transferred, using a
syringe, into the polymerization Schlenk flask which had been previously purged with
argon. The mixture was stirred under argon for about 10 min until a viscous brown solution

was obtained. Next, the polymerization solution was injected into each reaction vial,
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adding enough solution to submerge each sample completely. After polymerization,
samples were removed from the vials, washed with deionized water, gently sonicated in
EDTA solution (0.1M, pH 7) for 1 min, and immersed in water overnight to remove any
physisorbed polymer Finally, the substrates were rinsed with ethanol and dried under

nitrogen gas. 15
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5. Results 1: Testing bilayer formation on zwitterionic and anionic

brushes

5.1. Introduction

A number of strategies have been explored in the literature to provide a ‘cushioned’
support system for the examination of the structure and function of transmembrane
proteins as presented in Chapter 2. Many of these have been based on polymer cushions
with bilayers deposited on them, some of which also incorporated transmembrane
proteins into the bilayer. This strategy is a practical one for a number of reasons as the
main requirements for a bilayer support are complex. The support system must facilitate
the formation of defect-free lipid bilayers and enable the incorporation of fully-functional
transmembrane proteins (TMPs) as the only conduit for charge and ion movement across
the membrane. Ideally, the TMP should not interact with the polymer brush. The method
chosen to produce the brush should allow chemical attachment of the polymer to the

123 The

underlying solid support and allow good control of the chain growth kinetics.
polymer can then be grown to a controlled thickness, be uniform in its surface roughness
and have a sufficiently high grafting density to present in its brush form. It is also vital that
hydrophilic monomers are selected to provide a hydrated reservoir on which the bilayer

can be supported. The ATRP approach to growing the brushes, employed in this work

allows all of these criteria to be met, provided the monomers were carefully selected.

The work in this chapter focusses on a series of zwitterionic and anionic brushes with the
results of work on cationic brushes presented in Chapter 7. Two zwitterionic brushes were
investigated:

poly(cysteine methacrylate) (PCysMA) and

poly[2-(methacryloyloxy)ethyl phosphorylcholine] (PMPC),

and two anionic brushes:

poly(methylmethacrylic acid) (PMAA) and

poly(3-sulfopropylmethacrylate potassium salt) PKSPMA.

The chemical structures can be seen in Figure 5.1, below.
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Figure 5.1: Chemical structures of the PMPC, PMAA, PKSPMA and PCysMA brushes

The PMPC brush was selected because it has been well characterised in the literature and
was demonstrated to be protein resistant. Its zwitterionic nature was chosen because of its
potential for weak interaction with zwitterionic, cationic or anionic lipids. The PCysMA, also
zwitterionic, was chosen because there has been little work reported in the literature on
this type of polymer with amine and carboxylate side chains. *°> PMAA and PKSPMA were
chosen because they had a negative charge when compared to the PCysMA, providing a
comparison to the work on the zwitterionic brushes (and the cationic brushes in chapter 7).
The preparation and characterisation of PMPC, PMAA and PKSPMA have been reported in
the literature prior to this work, but only PMAA has been presented as a potential support
for lipid bilayers. In this case the polymer was used to create nanopores where the proteins
were chemically attached to the lipid bilayer and suspended over them, so they were not
freely diffusing.® PCysMA is a new polymer which had not been reported prior to this
project, so it provided a novel brush for investigation.

The results will be presented as follows: the results of the zeta potential characterisation of
the vesicles and glass/initiator surface, as they were common to all polymers tested,
followed by the details of the individual polymer brush characterisations. This is followed
by the results of incubating the vesicles on the brushes. A discussion of the results for all

the polymers will be presented together in section 5.9.

5.2. Lipids and incubation methods

5.2.1. Formulation of lipids and incubation methods

Presented here are the lipid formulations, zeta potentials and a brief summary of the
incubation methods. Vesicle fusion was the method used to create bilayers. A number of
additional methods were tested for producing bilayers, including spin-coating 7 ® and the

use of detergent or short-chain lipids combined with long chain lipids. ' Spin-coating is
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discussed here and the detergent depletion methods are discussed more fully in Chapter 6,
where they were used for the protein reconstitution presented there. Finally, the results of
lipid incubations on the polymer brushes will be demonstrated by showing FRAP images,
diffusion graphs and AFM scans.

In terms of the lipid components, in addition to pure zwitterionic POPC, a cationic lipid,
DOTAP, was added. The ratios chosen were of 10, 25 and 50 mol % with the addition of 0.5
mol % Texas Red as a fluorescent probe for FRAP experiments. The buffer used was 10 mM
phosphate (with no added NaCl) in most cases, with PBS used only for specific experiments,

where the effect of salt was tested (PBS contains NaCl at 140 mM).

5.2.2. Size and zeta potential of lipid vesicles

5.2.2.1. Introduction and methods

The zeta potential and size measurements of the liposomes were made in a standard
Zetasizer Nano DLS system. The zwitterionic POPC vesicles and those composed of a
mixture of POPC and DOTAP lipids were measured over a pH range 3 to 9, at temperatures
of 25 °C and 50 °C and at a range of salt (NaCl) concentrations from zero to 140 mM. The
reason for testing under these conditions was that they have been documented in the

literature (as discussed in Chapter 2) 1* 12 13141316

as having an effect on the formation of
lipid bilayers and were used to inform the choice of vesicle incubation conditions on the
polymer brushes.

The methods were explained fully in chapter 4.

5.2.2.2. Results and discussion - lipid vesicles

For vesicles of POPC with increasing amounts of DOTAP, in phosphate buffer at pH 7 and at

25°C no notable size variance with composition was observed. However, the average

vesicle diameter of 26 £ 2 nm at 25°C did show a slight increase in size to 30 £ 1 nm after

heating to 50°C (data shown in Appendix 5). It was found by Pan et al. " that the average

area occupied by each lipid headgroup increased from 69.1 to 75.5 A% as the temperature

was increased from 15 to 45°C, which may explain the observed increase in diameter. This

increase in volume may be significant in the fusion process and will be considered later.
The results for the changes in zeta potential of the DOTAP:POPC liposomes with pH are

shown in
Figure 5.2, where it can be seen that there is an approximately linear decrease in zeta

potential as the pH increases. At pH 3 the zeta potential is +63 £ 2 mV, reducing to +44 £ 1



129

mV at pH 7 and falling further at pH 9 to slightly below +37 + 0.6 mV. There are potentially

two effects to consider here.

zeta (
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Figure 5.2 Zeta Potentials of DOTAP:POPC (25:75) lipid vesicles measured over a range of
pH values.

The zeta potential of the POPC vesicles has been shown, by Cho et al,. *® to increase from 0
mV and -10 mV over the pH range 4 to 9. This negative charge could interact with the
positive groups on the DOTAP and have the effect of reducing the net positive charge
measured for the DOTAP:POPC vesicles as the pH increases. DOTAP vesicles are important
in drug delivery systems, but surprisingly, there is little comprehensive data in the
literature measuring the effect of changing pH on zeta potential for DOTAP containing

vesicles, with which to compare these results.
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Figure 5.3: Zeta potentials of vesicles with increasing ratios of DOTAP:POPC in 10 mM

phosphate buffer at pH 7 without NaCl (black squares) and with 140 mM NaCl (red
circles).

In Figure 5.3 the changes in zeta potential with increasing ratios of DOTAP:POPC are
presented. Results are shown for suspensions of 0.25 mg/mL lipid vesicles, measured in a
10 mM phosphate buffer (black squares with no added NaCl). At low DOTAP concentration
the graphs show an almost linear increase with increasing DOTAP for both sets of
conditions, as may be expected. As the proportion of cationic lipid increased from pure
POPC vesicles, which showed 0+ 5 mV zeta potential, to a mixture of 25:75 DOTAP:POPC
(“25% DOTAP”), which is the charged lipid proportion used for most of the subsequent
vesicle incubations on polymer brushes, the zeta potential reading increased to +42 + 2
mV. At a concentration of 50:50 DOTAP:POPC (“50% DOTAP) the zeta increased to +60 + 3
mV.

Measuring the same vesicles in PBS buffer which contained 140 mM NacCl, (Figure 5.3, red
circles) showed an apparent reduction in the zeta potential for each DOTAP:POPC ratio. At
25% DOTAP the equivalent reading with salt was +22 + 2 mV, and for 50% DOTAP it was
+38 £2 mV, approximately 20 mV lower in both cases. A note of caution is added here
relating to the results with added NaCl. The software records indicated that “good” quality
readings had been made (as described in Chapter 3). Despite this positive indication being
given for the results where NaCl was added to the buffer, there is evidence that the cell

electrodes may be degraded as they become discoloured under these conditions.
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In considering work in the literature on the interactions between lipids/vesicles in a NaCl
buffer, there are differing views. Work on simulations from Gurtovenko’s group *° on POPC
only, suggested that Na" bound more strongly than Cl" to POPC, at the carbonyl carbon.
Pandit et al., ° found similar results and suggested that this could make the measured
potential of the POPC lipid more positive. The effect of NaCl on POPC lipids was also
studied by Knecht and Klasczyk. ** Their experiments contrasted with the findings above
that Na+ binds to the POPC headgroup, whilst Cl- remains in solution. They compared
simulation with experimental data and found that Na* and CI bind in equal measure to
POPC lipids. Na* was bound at a location between the POPC headgroup and acyl chain, (at
the carbonyl or at the phosphate group) whilst CI" bound between the headgroup and
water (presumably at the choline site). Both Pokorna et al. 2 and Makino et al.
considered that the orientation of lipid headgroups in POPC normal to the bilayer may be
affected by the solution conditions. They proposed that headgroup bending (seen as an
increase in the ¢ p.y angle in Figure 5.4) may be caused by the negative phosphate
interacting with the Na® ions. This work focused on the effect on POPC lipids, so a

consideration of the effect on DOTAP lipids is considered below.

(a)
e V.
~N~
sn-2
Q Q
Q 0
sn-1
| |
| |
DOPC DOTAP

Figure 5.4: A comparison of the headgroups of DOPC and DOTAP. The angle of orientation
of the PC headgroup was suggested to change as a result of changing the ionic strength of
the surrounding solution. *

For the positive zeta potential to be reduced it requires that that the amine of the DOTAP

headgroup will be neutralised to some degree, by the addition of NaCl. The DOTAP used
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already has Cl associated with it in solution, as it is manufactured as the chloride salt.
Following the addition of salt to the buffer the zeta potential is lowered significantly.
Possibly the POPC NMe;" group or the NMe;" of the DOTAP is shielded by the increased CI°
in solution when the NaCl is added. In addition to the effect of adding salt to the buffer,
Pokorna found that there were complex interactions between the headgroups of DOTAP
and POPC, which they found straightened the ¢ ».y angle in Figure 5.4, making the bilayer
more compressed. Repulsion between the cationic headgroups of the DOTAP also took
place and the effect appeared to depend on the ratios of the two lipids i.e. the effects were
different for ratios up to 30% DOTAP:POPC, to those beyond that value, at 50%
DOTAP:POPC. In experimental and simulation work they found that for both concentrations
there was an interaction between the two headgroups, which influenced the orientation of
the dipole in POPC. They further suggested that at higher concentration of 50% DOTAP

there was an additional stabilising effect by the CI ions which hindered the lipids mobility.

To summarise, the zeta potential measurements and the explanations offered from the
literature are very interesting and complex. They do not satisfactorily explain all the results
seen here. There is an increase in liposome size with increasing temperature, which is in
agreement with theoretical work from the literature. The reduction in zeta potential of the
liposomes with increasing pH is logical, assuming the POPC amine groups are deprotonated
during the process. However, there is disagreement in the literature as to how the addition

of NaCl affects the zeta potential of the lipids.

It is well established in the literature (as presented in Chapter 2) that an electrostatic
attraction between charged vesicles (such as 25% DOTAP:POPC) and an oppositely charged
surface will lead to a layer of adsorbed intact vesicles or a fluid bilayer. It is important that
the surface zeta potentials of the both the liposomes and polymer brushes are known and
controlled in order to maximize the adsorption of liposomes and promote vesicle fusion on
both glass or polymer brush surfaces. For this reason a NaCl free buffer was used for
rehydrating the lipids used in the vesicle incubation experiments. The buffer thus contained
only a minimum (10 mM) of sodium phosphate, dissolved in MilliQ water, in order to

control the pH.

The data presented above provides an insight into how to control the charges on the

liposomes in solution. This could in theory, be used to balance the interactions of vesicles
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with the polymer brush surfaces such that a fluid bilayer is formed, rather than a layer of
vesicles. When the vesicles are adsorbed onto the surfaces (glass or polymer brush) it was
proposed that the charged lipids within them would be attracted to the surface and the

neutral lipids would rearrange around the rest of the vesicle (Figure 5.5 and Chapter 2).**
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Figure 5.5: Adjacent vesicles of 25% DOTAP:POPC on an oppositely charged surface, such
as glass (top) and polymer brush (below) will lead either to a layer of adsorbed intact
vesicles or a fluid bilayer. Rearrangement of the charged lipids within the vesicle may
reduce vesicle-vesicle repulsion and support fusion.

The charge repulsion between the vesicles would be minimized and vesicle fusion could
take place. The change of shape caused by the interaction with the surface could also be a

factor in promoting vesicle fusion.”

To summarize, taking the temperature, pH, DOTAP:POPC ratio and the NaCl data into
account these immediately suggest options for tuning the vesicle-surface interactions by

changing the buffer composition and temperature. The effect of changing these conditions
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on the zeta potential of the brush surface, combined with the surface zeta potential
measured for the glass, must also be considered. This will be discussed later in the sections

when the results of testing bilayer formation on individual polymers brushes are presented.

5.2.3. Bilayer incubation methods

5.2.3.1. Vesicle deposition

In each experiment the polymer was soaked in buffer for 15 minutes before adding the
lipids. A number of lipid compositions were incubated onto the polymer samples, using
vesicle deposition (one mixture per polymer sample) in a flow cell. Alternative methods for
bilayer formation, including spin-coating, the use of detergent or the use of short chain
lipids were also tested. The tip sonicated lipid vesicles, at 0.5 mg/mL, were prepared in a
pH controlled buffers of 10 mM phosphate (with no added NaCl) and PBS buffer (containing
140 mM NacCl), as fully described in Chapter 4).

The vesicle incubation method used in early experiments was to incubate for 1 hour at
room temperature, followed by rinsing and FRAP, to assess initial incubation result. For the
majority of cases, where no bilayer was seen or in samples where some evidence of lipid
deposition was evident without a bilayer forming, more lipids were added. The samples
were then incubated at 50 °C for 1 h, followed by rinsing and FRAP. The samples were then
left for 48 h at room temperature, rinsed and observed under the FRAP microscope again.
They were then left for a further minimum period of 48 h before repeating the FRAP.

It became evident that this elevated temperature was critical to the successful formation of
bilayers on the PCysMA in particular and in subsequent experiments the lipid was injected
into the flow cell at room temperature followed by immediate oven heating to 50 °C for 1
h. The samples were then rinsed and observed using FRAP. They were left for two further
48 h periods to observe changes in the surface coverage in the hope that better quality

bilayers would be achieved than were initially seen i.e. defects would be sealed.

5.2.3.2. Spin coating

Full details are shown in Chapter 4, but briefly, DOTAP and POPC lipids in
chloroform:methanol were mixed in a ratio of 25:75 (“25% DOTAP”) and dried under N,.
They were then re-dissolved in isopropanol (a good solvent for PCysMA) to a concentration
of 1.5 mg/mL. An aliquot of 100 pL of the lipids was injected onto a dried sample of the

PCysMA brush into an spin-coater. After coating, the sample was oven dried and allowed to
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hydrate very slowly in a humid atmosphere. The sample was then placed in a flow cell and

observed under FRAP.

5.3. Surface initiation

5.3.1. Method - glass substrate

The round 18 mm glass substrates were first piranha cleaned, rinsed in MilliQ and dried
under nitrogen flow. The surface zeta potential of the glass surface was measured before
the initiation step below, using an adapter for the dip-cell of the Zetasizer Nano DLS system
(Chapter 4). The 4 x 7 mm square sample was placed in the dip cellimmersed in a 0.01%
aqueous dispersion of non-adsorbing (negatively charged) polystyrene latex beads in 1 mM
KCl as the tracer particles. The surface zeta potential of glass was measured over the pH
range 3 to 9. These measurements were necessary because the residual surface charge,
measured before the polymer brushes were grown, may influence the final measurement
of the surface zeta potential of the brushes, particularly for the shorter ones, of dry length

~7 nm.

5.3.2. Results — glass substrate

The clean glass surface zeta potential (before growing the brush) was characterized under
the same conditions as those used to test the polymer brushes.

The results showed (Figure 5.6) that the surface zeta potentials of glass ranged from -13 + 1
mV at pH 3,to -47 £ 4 mV at pH 7 and to -62 £ 4 mV at pH 8. Similar results for the surface
zeta of glass have been published in the literature using the dip cell arrangement used for
these measurements and other methods, such as streaming potential.”® As pH 7 is
preferred for liposome incubation on polymer brushes it can be concluded that a value of -

47 + 4 mV represents the surface zeta of the glass at this point.



136

Surface zeta (mV)

W
N
[
fosl
O-

Figure 5.6: Surface zeta potentials of a clean glass surface measured over a range of pH.

The surface zeta potentials measured for the brushes may be influenced by a residual
charge from the substrate *’ because the APTES SAM does not completely react with all the
available —OH groups on the glass surface and also because there may be incomplete

reactions during the initiator steps.

5.3.3. Method - surface initiation of glass

The first step in the preparation of the brushes was to functionalise the piranha cleaned
glass surface with an APTES (3-aminopropyltriethoxysilane) self-assembled monolayer
(SAM). The surface amine groups were subsequently converted into active amide initiator

sites by reacting with excess 2-bromoisobutyryl bromide (BIBB) as shown in Figure 5.7.
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Figure 5.7: Schematic represents the formation of initiators including the formation of 3-
aminopropyltriethoxysilane (APTES), and subsequent reaction with bromoisobutyryl
bromide (BIBB). *

It is important to consider the surface zeta potential response of the initiated surfaces to

changing pH along with those responses for the polymer brushes. These measures were
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taken using the surface zeta adapter (cell) for the Zetasizer nano. The surfaces were tested
in the cell using charged polystyrene beads, suspended in a 1 mM KCl solution at a range of
pH values. The electrophoretic mobility was measured and converted into a surface zeta

potential, as described in chapter 3.

5.3.4. Results - surface initiation of glass
The changes in surface zeta potential with pH response for the APTES and the BIBB-APTES
initiator are shown in Figure 5.8 and these measurements apply to all of the polymers

presented, as they were all prepared using the same initiation step.
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Figure 5.8: The surface zeta potential of the APTES and BIBB-APTES functionalized glass
substrates immersed in aqueous solution as a function of solution pH. (m) APTES film. (e)
BIBB-APTES film. *°

The APTES contains primary amine groups which generate a positive surface zeta potential,
characteristic of this functional group. The effect of this can be seen in the red plot in
Figure 5.8. At pH 5 to pH 7 the surface zeta is ~+30 mV for the SAM. After the second
reaction, with initiator, it can be seen that the surface zeta reduces to ~ +10 mV indicating
that the amine groups have reacted with the BIBB (blue plot in Figure 5.8). The recording of
a residual positive charge, measured at pH < 8, suggests that not all the amine groups of
the SAM have reacted with the initiator. This measurement is further complicated by
considering that there may be an incomplete initial reaction between the APTES and the
silica —OH (-O’) surface groups, leaving a negative residual charge before this BIBB reaction

takes place. It is important that these data are taken into account when comparing the
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surface zeta potentials and pH responses of the various brushes. It is also necessary to
recognise that the pH responses of different brushes are only comparable when grown

from identical initiators.

5.4. PCysMA brushes - Preparation
The polymer brushes used in these experiments were formed (by the University of
Sheffield polymer group) from a cysteine monomer terminating in the characteristic

carboxylate (-COOH) and a primary amine (-NH,) groups found in all amino acids.

0" CH;

I 0
HyC”™0- T NHz -61\ R Br a‘\ Br
OH H€._O O-gi ™ "N, E')'\A' 0-.'3]"\/\H
0 —_— o]
=g -

a © 0Oy, OH
s g e g g
E t Br iy } 9 Br

O g ™~"N O‘:si’\/“ N ;
5 H Catalyst e} H
9‘-' X o]
o
(4]
§=°
o
O
= ’b
‘; x

Figure 5.9: Schematic showing the production of PCysMA polymer brushes using ATRP on
a silicon (glass) surface. Full details are given in Chapter 4 and reference 28. *

The BIBB-APTES initiator-functionalized surfaces (described above) were subsequently
reacted with the brush monomers as shown in Figure 5.9. The reactions time, as described
in Chapter 4, depended on the required brush length. As an example, when using [CysMA]:
[CuBr]: [CuBr2]: [Bipy] in molar ratios of 30: 1.0 : 0.5 : 3, the reaction time required was 200
min to grow a 7 nm brush.” After the reaction the samples were rinsed in ethanol and

dried under a flow of nitrogen.

5.4.1. Characterisation of PCysMA brush
5.4.1.1. Introduction
Before attempting to form bilayers on the PCysMA brushes they were characterised by

measuring the response to changing solution conditions. The response of the brush to pH,
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ionic strength and temperature, using AFM, ellipsometry, surface zeta potential, NMR, and
contact angle were recorded. The AFM and ellipsometry were performed by Abdullah
Alswieleh in Sheffield. The surface zeta potentials and NMR were done in collaboration
with him and the contact angle done independently. Some of the data has been published

elsewhere. %

5.4.1.2. AFM and ellipsometry

AFM images of the dry and hydrated polymer brushes (of dry thickness 7 £ 2 nm) were
taken across a range of pH. The dry brush showed few surface features and its rms
roughness was measured at 0.39 £ 0.16 nm while the hydrated brush immersed in PBS

buffer, at the pH 7, had an rms roughness of 0.11 + 0.02 nm (Figure 5.10). *

Dry PCysMA brushes PCysMA brushes under PBS

Figure 5.10: Height images using AFM of PCysMA brush grown by ATRP on silicon. Images
are 2 um*and the lighter areas in the dry image show a higher height profile (higher rms
roughness)when compared to the hydrated brush image on the right. s

Shown in Figure 5.11, is a plot of the height response of the PCysMA brush across a range
of pH measure by ellipsometry. When soaked in buffer at pH below 3 (Figure 5.11 (a)) the
brush length (7 nm dry) extended to 18 * 4 nm. In this range it acquired cationic character
when the primary amine groups of the amino acid side chain were protonated and the
carboxylic acid group was in its non-ionized (neutral) state (Figure 5.11 (b) left). This caused
electrostatic repulsion between adjacent chains, leading to brush expansion up to three
times its dry thickness. At a mid-range of pH from 3 to 9 the brush increased in length to 12
+ 3 nm, when responding to the addition of buffer. Across this pH range the PCysMA brush
was in its zwitterionic form, as both the amine and carboxylic acid groups were charged
(Figure 5.11 (b) centre). Under these conditions, the brush extended to a about twice its

dry length.
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Figure 5.11: (a) Ellipsometric measurement of pH response of PCysMA in buffer showing
wet thickness. ?® (b) Shows how the chemical structure changes with pH.

Above pH 9, the brush thickness extended to 16 + 3 nm. The carboxylic acid was maximally
ionized whilst the primary amine group became deprotonated (neutral), which resulted in
an anionic brush (Figure 5.11 (b) right). Again, this caused strong electrostatic repulsion

within the chains, extending the brush to three times its dry length.

5.4.1.3. Surface zeta potential

The polymer brush samples, grown on a glass substrate via the surface initiation step using
BIBB-APTES, were cut to size and installed in the surface zeta adapter. They were immersed
in the same (a 0.01% aqueous dispersion of non-adsorbing (negatively charged)
polystyrene latex beads in 1 mM KCl) tracer as used above and described in Chapters 3 and
4). The electrophoretic and electroosmotic motion in an applied AC electric field were

measured. From these measurements the surface zeta potential was calculated using the
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Zetasizer Nano software. The results of measuring the surface zeta of the PCysMA brush

over a range of pH are presented in Figure 5.12.

70
&0 J (C)
50 -
40
30 -

10 h[

A0 ]
-20 -
-30 3
-40 3
50 ]
50 -
-0 : 1 T
2 3 4 5 & T 8 9 10 11

oH
Figure 5.12: Surface zeta potential plot of PCysMA (dry length 7 nm) over the pH range
from 2 to 11 it can be seen that at low pH below 3 the surface zeta is positive, from pH 3
to 8 it is ~-10 mV and above this it become increasingly negative. %
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The short brush (dry length 7 nm) actually displayed a weakly negative surface zeta
potential of -10 £ 5 mV over the range where it was expected to be zero (zwitterionic),
suggesting some influence from the underlying anionic glass substrate and initiator (as
described above and seen in Figure 5.8). Liu et al. also observed a similar negative potential
when studying a short poly(serine methacrylate) brush, in the range where zwitterionic
character was expected.”® Below pH 2, the measured zeta potential of the PCysMA was +22
+ 7 mV as it became cationic, while at a higher pH of 11 the surface zeta was -40 £ 5 mV, as
the brush became highly anionic. (The chemical structures which correspond to this can be

seen in Figure 5.11 (b)).

5.4.1.4. NMR characterisation

In order to establish that the polymer was chemically stable at 50 °C, the temperature
selected for vesicle incubation, a series of tests were performed using NMR. These were
performed by the staff at the NMR Centre in Sheffield. An NMR spectrum was produced
20° C and again after heating to 50 °C in D,0 for 2 h.
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Figure 5.13: '"H NMR spectra recorded in D,0 for PCysMA at pH 7 (lower) at room
temperature an(upper) held at 50 °C for 2 hours. Note no signs of degradation in the
heated sample. Inset is the structure of PCysMA showing the positions of the protons of
interest.

The results are shown in Figure 5.13, which confirmed that there were no changes in the
chemical shift of any of the protons (marked in red) after heating. There had been no
hydrolysis of the pendant ester groups in the brush side chains during heating in solution
and no changes in chemical composition of the polymers. However, these measurements
were made on free polymer strands in solution and not on the brush grown from the
initiated glass surface. Contact angle measurements were subsequently performed to

investigate whether the polymer was affected by the heating step when grown as a brush.

5.4.1.5. Contact angle characterisation

The water contact angle was measured on samples of the PCysMA coated glass, at room
temperature and on heating up to 50 °C. The samples were rinsed and dried and inserted
into a flow cell which had a Peltier heating element in the base. The advancing contact
angle changes, as a result of heating the sample, were measured at each stage as the

temperature was cycled between 23°C and 50°C. Measurements were taken at 23 °C, after
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heating to 50 °C then after cooling to 23 °C again, with two intermediate measures taken.

The heating process was repeated on three representative samples.

The graph Figure 5.14 (a) plots the changes in contact angle as the sample is heated and
cooled. The contact angle at room temperature was ~45 °, which fell to ~24 ° at 50 °C,
increasing again back to 42 ° when cooled. A 6% increase in the surface tension of water
over this range contributed only minimally as an error in the reading.

Similar work was done by Azzaroni * on a sulfobetaine polymer brush with both sulfonate
and amine groups on the chain which render it zwitterionic Figure 5.14 (b)). They also
found that the brush contact angle reduced significantly as the sample was heated from 22
°C to 52 °C. Their explanation was that the chains are self-associated when at room

temperature with the positive and negatively charged groups attracted to each other.
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Figure 5.14: (a) Effect of heating PCysMA sample on the advancing contact angle. Sample
was heated from room temperature and cooled again. (b) PMEDSAH results by Azzaroni
et al. after heating and cooling. *
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Figure 5.15: Configurations of zwitterionic chains under different solution conditions.*

This is reasonable when considering high dipole moment charged chains adjacent to one
another and would lead to close association between the chains. Azzaroni et al.
considered that in solution the chain interactions create a self-associated state, which are a
function of the surrounding solution and the chain molecular weight. They suggested three
conformations of these interactions: non-associated, inter-chain associated and intra-chain
associated (a collapsed state) as seen in Figure 5.15. If in this instance the PCysMA chains
are partially associated at room temperature, as is also suggested by the fact that the brush
length is not at its maximum, but at 2/3 of its fully extended length between pH 3 and pH 8
(Figure 5.11), it is possible that upon heating to 50 °C the dipolar attractions are broken
allowing the chains to become fully hydrated, charged and extended, reducing the contact

angle. These suggestions are also in agreement with earlier work by Georgiev et al., who

studied the temperature induced swelling of another polymer, PDMAAPS. *!

5.4.2. Lipid bilayer formation on PCysMA using vesicle fusion - FRAP results

Using the methods described above in 5.2.1., a range of lipid formulations were
incubated on the polymer brush surfaces. Attempts to form bilayers by incubating vesicles
of pure POPC lipid on PCysMA for 3 days, failed and no evidence of bilayer formation was
seen. Whilst some isolated vesicles were adsorbed, as shown by the bright spots in Figure

5.16, these were at low density with insufficient coverage to form a bilayer.
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Figure 5.16: FRAP image following the incubation of POPC lipid vesicles on PCysMA brush
after incubation for 3 days.

Figure 5.17: FRAP image following the incubation of 10% DOTAP:POPC lipid vesicles on
PCysMA brush after incubation for 4 days. Scale bars 60 pm.

Since the surface exhibited a slightly negative surface zeta potential, positively charged
lipids were incorporated into the lipid vesicles and used for incubation on the brush.
Vesicles comprising 10, 25 and 50 mol % cationic lipid (DOTAP) and POPC were then tested.
It was found when using 10% DOTAP (Figure 5.17) with PCysMA brushes that there was
some evidence of lipid absorption and some areas which could be bilayer patches, but the

guantities were still insufficient to form a bilayer.
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After increasing the DOTAP concentration to 25 mol %, and incubating the vesicles on
PCysMA overnight, bilayer formation was not observed immediately at room temperature.
More of the vesicles were injected and the temperature immediately increased to 50 °C for
1 h. The sample was rinsed and incubated for a further 48 h period at room temperature.

The result had the appearance of a homogenous lipid layer, as evidenced by the FRAP

images in Figure 5.18 for which the diffusion coefficient was measured to be 1.O7um2/s and
the mobile fraction 94%. It was assumed that the electrostatic attraction between the
weakly charged surface and the highly charged vesicles resulted in a dense layer of vesicles
being adsorbed. These adsorbed vesicles subsequently fused to form a good, diffusing

bilayer.
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Figure 5.18: : Graph showing the diffusion characteristics of a bilayer with images
immediately after bleaching and after 5 minutes of FRAP recovery. The bilayer was
formed on a PCysMA brush using vesicles composed of 25 % DOTAP:POPC and 0.5 mol %
Texas Red in 10 mM phosphate buffer at pH 7. Two aliquots of lipid were injected, with

heating to 50°C after the second. An extended incubation of 48 h then took place. The
brushes had a dry thickness of ~7 nm. (Scale bar 60 um).

Interestingly, the bilayer formation was observed to follow a two-stage process on one
sample. Firstly, during the 50 °C incubation period vesicle fusion and rupture occurred
leading to the formation of what is probably a double bilayer. The incomplete uppermost

bilayer displayed a diffusion coefficient of 0.7 + 0.2 um” s and an associated mobile
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fraction of 73% in Figure 5.19 (top images), which is lower than expected for a fully fluid
bilayer. It is possible that some of the lipids were immobile or that the gaps in the upper
bilayer created defects, slowing the diffusion rate. In the second stage, during the extended
48 h incubation period, the uppermost bilayer disappeared leaving a more complete
underlying bilayer which exhibited a diffusion coefficient of 1.0 + 0.2 pm” s and a mobile
fraction of 92 % Figure 5.19 (lower images). This process was been observed to completion
on only one occasion when it was captured as a video sequence.* A patchy and loosely
bound second bilayer, forming areas of double bilayer, had been observed by Parker et al.
33 when using the cationic surfactant HEMDAB in the presence of pentanol. In this case the

presence of a hydroxyl group on the HEMDAB allowed it to form hydrogen bonds between

the two layers.
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Figure 5.19: Fluorescence recovery after photobleaching graphs and images at bleaching
and after 5 min. A double bilayer adsorbed on a PCysMA brush (top graph) following
incubation at room temperature and then at 50°C for 1 hour, with a second aliquot of
lipid. A single bilayer (graph below) formed following a further 48 h room temperature
incubation of the same sample. In all cases the vesicles contained 25 % DOTAP:POPC and
0.5 mol % Texas Red in 10 mM phosphate buffer at pH 7. The brushes had a dry thickness
of ~7 nm. Images were taken immediately at bleaching (left) and after 5 min recovery
time (right). (Both sets of images are enlarged below the graphs.) Scale bars 60 um.

the elevated temperature played a positive role in the fusion of the vesicles on PCysMA
to form a bilayer. The next obvious step was to inject the lipids into the sample in a flow
cell and immediately incubate the sample at 50 °C for 1 h, followed by MilliQ rinsing, rather
than using the two step process described above. Following this protocol, the bilayer
formed successfully and appeared to be fairly homogeneous, becoming more so after
further incubation for 48 h at room temperature. Using FRAP, a diffusion coefficient of 1.4
+ 0.5 um” s and a mobile fraction of 92% were measured. Provided they were maintained
in a hydrated state, the bilayers remained stable for ~5 days. This result was observed on
numerous samples, with good diffusion rates. The brush samples were all hydrated in
buffer before injecting the vesicles and it was confirmed that no lipids were adsorbed when

injected onto the dry brushes.
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Figure 5.20: FRAP graph of a bilayer on a PCysMA brush formed after incubation at 50 °C
for 1 h and a further 48 h. Vesicles contained 50 % DOTAP:POPC and 0.5 mol % Texas Red
in 10 mM phosphate buffer at pH 7 were used. The brushes had a dry thickness of 7 nm

and images were taken immediately at bleaching (left) and after 5 min recovery time
(right). Scale bar 60 um.

When the DOTAP:POPC ratio was increased to 50 mol%, a lipid bilayer with a diffusion
coefficient of 0.3 + 0.06 um*s™ and a mobile fraction of only 69% was formed Figure 5.20.
These measures are similar to those observed above for the upper layer of the double
bilayer, however, despite an extensive incubation period (over 4 days) these did not evolve
further (as was observed for the sample in Figure 5.19) into a single bilayer. This diffusion
rate was slower than the best bilayer formed with 25% DOTAP on PCysMA. This may be the
result of the presence of a second lipid bilayer or a slowly diffusing bilayer where some of
the lipids are pinned by the greater electrostatic attraction between the vesicles and the
brush.

Finally, vesicle deposition on longer polymer brushes was tested and the result for a 15
nm and 25 nm (dry length) brush was that lipids adsorbed to create a homogeneous layer,

but they were immobile.

5.4.3. Lipid bilayer formation using vesicle fusion on PCysMA - AFM results
AFM images of the dry and hydrated PCysMA polymer brushes and the bilayer were

performed with the help of George Heath. The scans before bilayer deposition showed few



151

surface features. The dry brushes had an rms roughness of 0.5 + 0.2 nm while the hydrated
brush immersed in buffer had an rms roughness of 0.3 + 0.1 nm. This was in agreement
with published work.?

Figure 5.21 (a) and (b) show, respectively, a height image and surface profile obtained
following bilayer formation on the PCysMA brush. Notably, there are few intact vesicles
visible on the surface which would appear as ~20 nm high features. The breakthrough force
curve shown in Figure 5.21 (c) was obtained by applying sufficient force to the tip until it
broke through the lipid layer. The bilayer depth indicated by this breakthrough force is 5
nm, which is consistent with the expected mean bilayer thickness. By scanning a reduced
area using a relatively high applied force (3 nN), a 2 um?” area of lipid bilayer and the
underlying PCysMA brush was scratched away, see Figure 5.21 (d).The height profile across
the edge of this area is 18 nm (Figure 5.21 (f), which is close to the sum of the swollen
brush thickness (12 nm) plus the bilayer thickness (5 nm). Figure 5.21 (e) and (g) depict the
surface profile within this scratched area. The surface roughness within this scratched area
is very close to that of bare glass.**

It can be concluded here that a smooth bilayer has been formed with a height profile

consistent with the expected height for the hydrated brush and a single lipid bilayer.
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Figure 5.21: AFM images following bilayer formation on a PCysMA brush (a) height image,
(b) height profile also showing single adsorbed vesicle, (c) breakthrough force curve
indicating a 5 nm bilayer thickness, (d) 2 um? “scratched” region surrounded by lipid
bilayer on PCysMA brush, (e) image at base of the 2 um? scratched area, (f) height profile
across the bilayer /polymer scratch edge (position indicated by red dashed lines), (g)
height profile of the surface at base of the scratched area.

5.4.5. Lipid bilayer formation using spin coating onto PCysMA - FRAP results

The spin-coating of 25 % DOTAP in isopropanol onto the dry PCysMA brush showed that
some lipid had been adsorbed, as can be seen in Figure 5.22 (a) below. On close
observation of the FRAP images it can be seen that diffusing lipids were adsorbed onto the

surface, as shown by the recovery after bleaching, but were not homogeneous. The effect



153

seen on the surface is similar to that seen for the phase separation of lipids in bilayers. In
this case it may be a result of variations in hydration or incomplete removal of the
isopropanol before re-hydration with water, leaving behind hydrated patches and patches

where organic solvent was present.
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Figure 5.22: Spin-coating of 25% DOTAP lipids from isopropanol onto dried PCysMA,
length 7 nm.(a) Images at bleaching point (left) and after 10 min (right) (b) Diffusion
graph. Scale bar 60 um.

The calculated diffusion coefficient was 0.26% 0.1 umz/s, but with a very low mobile
fraction of 17% as shown in Figure 5.22 (b). It appeared that a large portion of the lipids
were bound to the brush surface and had not been fully hydrated. On an earlier sample
more intense hydration was used by directly soaking the sample in buffer after spin-

coating. In this case the lipids were completely removed from the surface. Despite several
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attempts to improve the process, it continued to give inferior results to the vesicle

incubation method.

5.5. PMPC polymer brushes

5.5.1. Preparation and characterization

The preparation and most of the characterisation were done by the Sheffield Polymer
Group. The method for preparing the PMPC brush, which also applies to the PMAA and
PKSPMA below, is summarised here and presented fully in chapter 4. The monomer MPC
with the catalysts CuBr / CuBr2 / 2,2'-bipyridine, in solvent were sealed in Schlenk tubes
under argon with initiator-functionalized glass coverslips. After the appropriate time,
depending on the required brush length, the tubes were opened and rinsed to yield the
brush-coated glass samples. In this Si-ATRP process the density of the initiator and hence
brush density, is controlled by changing the ratio of catalyst components (CuBr / CuBr2 /
2,2'-bipyridine) whilst the brush length was determined by the reaction time.*

The samples were characterised by ellipsometry and AFM to determine the brush length
when dry and hydrated. The AFM height measurements in buffer solution show that the
rms roughness of the surface was between 0.2 and 0.4 nm, similar to measures presented

for other brushes. *
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When measuring the surface zeta potential it was found that the PMPC brushes exhibited a
very low surface potential of zero + 10 mV over the range of pH from 2 to 10 (Figure 5.23),
indicating that it maintains zwitterionic character throughout the range. It was found by

127 that PMPC swells to three times its thickness when hydrated, compared

Edmondson et a
to its dry thickness and that the swelling characteristics of the brush were not affected by

the addition of NaCl.

5.5.2. Results of lipid vesicle incubation

All compositions of negative and positively charged vesicles (containing DOTAP:POPC or
DOPG:POPC or pure POPC) at a range of pH and buffers were tested. Even with charged
vesicles, elevated temperature or osmotic shock with salt there was no clear bilayer

formation and the best result showed few lipid vesicles attached (Figure 5.24).

Figure 5.24: Example of the results when testing a PMPC brush, after incubating with a
range of cationic, anionic and zwitterionic lipid compositions. Images show evidence of a
very small amount of lipid adsorption. Scale bar 60 um.

PMPC is known to be protein resistant * and these results have confirmed that it is also
resistant to the adsorption of lipids. This brush is obviously not suitable for supporting a

fluid lipid bilayer.
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5.6. PMAA polymer brushes

5.6.1. Preparation and characterization

In the next two sections are presented two anionic brushes which have highly charged
surfaces. It was assumed that when using oppositely charged lipid vesicles or possibly
zwitterionic ones, there would be sufficient driving force to attract lipids to the surface and
possibly support bilayer formation. The reason for choosing the PMAA was because it has
been well characterized in the literature and it has a terminal carboxylic acid group on the
chain in common with the PCysMA, however, the PMAA has no amine group. The results of
testing the PMAA may suggest whether the interaction between the positively charged
lipid amine group and the negatively charged carboxylate of the polymer was critical for
bilayer formation or whether a balance of charge on the polymer, seen with PCysMA, was
more favourable.

The preparation method used was Si-ATRP in common with the other samples and has

been reported elsewhere and summarized in chapter 4.*
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Figure 5.25: Example from the literature of the pH response of PMAA brush, showing the
pKa to be 6.5 and that it is fully dissociated and extended at pH 7.5. *°

PMAA is a stimulus responsive polyacid brush as measured by ellipsometry and AFM and it
responded by stretching and collapsing as the pH changed. The response of the polymer
brush (as shown in Figure 5.25) was measured over a range of pH and it showed that the
chemical changes within the chains took place over a very short timescale (seconds) and
resulted in a three-fold increase in brush thickness from the collapsed state. *° * The

swelling began at pH 6 and increased to pH 8 by which point the carboxylate groups were
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maximally (negatively) charged. The surface zeta potential was measured to be -43.2 + 1.5

mV at pH 7.

5.6.2. Results

These PMAA brushes were incubated with lipid vesicles for bilayer formation under the
same conditions as the successful zwitterionic PCysMA brush, specifically, at 50 °C for 1 h
and further incubation of 48 hours to ensure the bilayer formation was complete. When
incubating pure POPC vesicles no lipid adsorption was observed on the PMAA brushes, but
when 10% DOTAP vesicles were used a homogenous lipid layer was observed on the
surface, however, the lipids were completely immobile (Figure 5.26). When the charged
lipid component was increased to 25% DOTAP as can be seen in below, (and also to 50 %,)

the lipid layer did become slightly more mobile (Figure 5.26).

a 10% DOTAP on b  25% DOTAP on PMAA
PMAA

Figure 5.26: FRAP images at bleaching (top) and after 5 min (below). (a) Images of 10%
DOTAP incubated on PMAA. (b) After incubating with 25% DOTAP. Both (a) and (b) used a
concentration of 0.5 mg/mL in 10 mM phosphate buffer at pH 7. Scale bar 60 um.

A graph was produced to measure the diffusion coefficient of 25% DOTAP vesicle
layer/bilayer on the PMAA brush, however, the diffusion rate for the PMAA sample (Figure
5.27, blue plot) could not be calculated using the same ‘box Lucas’ fit used for the other

samples as the PMAA diffusion profile was ‘non-standard’ (see the explanation in section
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5.8. below). Shown below, in Figure 5.27, is a comparison of the results and FRAP recovery
times of 25% DOTAP vesicles on glass, PCysMA and PMAA. The diffusion rate on glass was
1.5 um*s™ (red plot) and for the PCysMA sample it was 1.4 pum”s™ (black plot).

In order to estimate the diffusion rate of PMAA a second graph was plotted in Figure 5.28,
below, detailing the first 25 s of the FRAP curves. The slopes of these graphs were: glass
0.013, PCysMA 0.018 and PMAA 0.0015. The diffusion rate for PMAA is thus a factor of 10

slower than the other two and can be estimated to be ~0.1 pm?s™.
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Figure 5.27: Graphs comparing the FRAP recovery rates of glass (red plot) (25% DOTAP
vesicles) with PCysMA black plot (25% DOTAP vesicles) with PMAA (25 % DOTAP vesicles)
blue plot.
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Figure 5.28: Graphs comparing the detail of the first 25 sec of the FRAP recovery graphs

shown in Figure 5. 26., of glass (red plot) (25% DOTAP vesicles) with PCysMA black plot
(25% DOTAP vesicles) with PMAA (25 % DOTAP vesicles) blue plot.

The result for PMAA where the diffusion coefficient was very slow and likely to be ~0.1
um?s™* was not sufficiently mobile to be considered a fluid bilayer. This suggests that the
additional positive charge of the DOTAP strongly attracted the vesicles to the surface but

they did not fuse to form a bilayer. This result is discussed more fully below in 5.9.

5.7. PKSPMA polymer brushes

5.7.1. Preparation and characterization

PKSPMA is an anionic polyelectrolyte which terminates in a sulphonate group. It was
chosen specifically to elucidate whether the type of anionic group on the polymer
(carboxylic acid or sulphonate) affected bilayer formation. To do this comparison the
results of incubating lipids on both the PMAA and PKSPMA were compared to each other
and to the PCysMA.

To prepare the PKSPMA a 3-sulfopropylmethacrylate monomer with the catalysts
CuCl/CuCl, and bipyridine were reacted together in solvent in an inert atmosphere in the
presence of an initiator coated glass coverslip. In common with other Si-ATRP synthesis the
ratio of CuCl:CuCl, was varied to control the brush grafting density, with the reaction time

varied to control polymer chain growth and hence, thickness.*
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The thickness of the completed brushes was measured by ellipsometry and, using AFM the
brush thickness dry and in buffer were determined. The rms roughness of the hydrated
brush surface was determined to be low, at 0.2 to 0.5 nm and the dry brush height was 8 +
2 nm which exhibited a two fold increase in height upon hydration. The surface zeta

potential of the brush was measured as -33.8 £ 2.2 mV at pH 7.2.

5.7.2. Results

The results for the FRAP studies following vesicle incubation on the PKSPMA were very
similar to those seen for the PMAA brush. When incubating POPC vesicles, no lipid was
adsorbed and with the incubation of 10% DOTAP vesicles an immobile, but homogeneous

layer was observed as seen in Figure 5.29, left images).

aq 10 % DOTAP on b 25% DOTAP on
PKSPMA PKSPMA

Figure 5.29: FRAP images at bleaching (top) and after 5 min recovery (below).(a)Images of
10% DOTAP incubated on PKSPMA. (b) PKSPMA incubated with 25% DOTAP. Both (a) and
(b) used a concentration of 0.5 mg/mL in 10 mM phosphate buffer at pH 7. Scale bar 60
pum.
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When increasing the proportion of DOTAP in the vesicles to 25% this produced a lipid layer
on the brush. The lipid layer was fairly homogenous but was very limited in its mobility
Figure 5.29 (right images). The images at bleaching and after 5 minutes recovery time for
PMAA and PKSPMA were very similar and as the diffusion rate for PKSPMA could not be
calculated (because of a bleached spot anomaly, see section 5.8.) it can be assumed to be
of the order of 0.1 pm”s™ as estimated for PMAA. As the lipids or vesicles adsorbed were
not fully mobile on PKSPMA, they were not considered to be suitable candidates for

attempting the incorporation of TMPs.

5.8. The use of charged probes and charged lipids with charged polymers for FRAP

5.8.1. Introduction

During the testing of the above anionic polymer brush systems and the cationic samples
presented in chapter 7, it was observed that an unusual FRAP bleached spot profile was
present. These experiments combined the use of charged probes (negatively charged Texas
Red), and lipids with opposite charges to the polymer brush surfaces. This effect is
significant as it affects the recovery profile and consequently the diffusion coefficient and
mobile fractions of the bilayers deposited on the polymer brushes. A number of
experiments and analyses are presented below in an attempt to separate the fluorophore
effect from that of the charged polymer and to elucidate the nature of the unusual
bleaching profiles.

The analysis included measuring the effect on the bilayer of increasing the amount of Texas
Red incorporated with the lipid. The results of this work contributed to a paper published in

Analytical Chemistry looking at the concentration of lipids by using electric fields.

5.8.2. Method

Bilayers were prepared on glass using POPC containing a range of Texas Red (TR)
fluorophore concentrations of 0.5, 1.0, 2.0, 3.0, 4.5, and 6.0 mol %. At each concentration
the variation in image intensity was measured (before FRAP bleaching) in count units, using
Imagel. FRAP experiments followed and the diffusion coefficient and mobile fractions of
the Texas Red in the bilayers were recorded, at each concentration.

The intensity profiles across the bleached spots were also measured by taking a plot profile
in Image) after selecting a rectangular line area across the image of the bleached spot.
(Using a rectangular area, rather than a line gives a less ‘noisy’ profile). The results for

Texas Red images were compared to the bleached spot profiles of samples of PKSPMA, (an
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anionic polymer) and PMETAC (a cationic polymer) which had been used to form bilayers

with oppositely charged lipids using a low concentration (0.5 mol %) of TR.

5.8.3. Results and discussion

The FRAP images shown in Figure 5.30 are taken at time zero (left), following
photobleaching and after 5 minutes FRAP recovery time (right). The concentrations of TR in
the POPC are shown in white on the images. The images show the effect on the bilayer
quality and bleaching spot profile when increasing the mol % of charged fluorophore in the
POPC lipid. At 0.5 mol% TR the bilayer is of good quality with a diffusion rate of 1.8 pm”s™
and a mobile fraction of 90%. At 1 mol% TR the diffusion coefficient is 1.5 pm” s™* and 86%
mobile fraction. For 2 mol% TR the diffusion coefficient is slowing significantly to 1.1 pm?s™
and there is a significantly reduced mobile fraction of 64 %. At 3 mol % and above there is
evidence of a significant immobile fraction and phase separation of the lipids, as seen in the
lower images, where the bilayer no longer looks homogenous. When 6% of TR was
incorporated a bright halo effect was seen around the bleached spot. The relative
intensities of the images taken before FRAP were then measured and plotted graphically in
Figure 5.31. The red circles on the graph Figure 5.31, (b), represent the relative intensities
of the images measured before bleaching and can be compared to the theoretical results.
Using the Stern-Volmer equation:

0 _ kq
Q' /P=1+—I— (5.1)
kf +k

nr
The relative fluorescence intensity, I° /I can be measured and can be substituted directly

for ®° /@ . Plotting 1° / I against quencher concentration yields a straight line with a

k
slope —L— (5.2)

k, +k,

From the graph, in Figure 5.33., of the plot of intensity against concentration of Texas Red,
the expected profile is shown which follows a linear plot as the amount of fluorophore
increases. However the actual plot is seen in 5.3. (b), and shows a fall off of intensity with
increasing TR concentration. This was assumed to be a result of self-quenching and the
expected concentration, which can be measured by the intensity and can be calculated

using the equation:*

1,=1,-(1-1/1+B*/C,")) (5.3)
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Here ]q is the apparent concentration, measured experimentally and caused by self-

quenching. I is the actual concentration of T Red in the bilayer. B is a fitting parameter,

specific to the Texas Red, which describes the proximity effect of the dipole-dipole

interactions which cause the self-quenching.
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Figure 5.30: Images at bleaching (left) and after 5 min (right) for the Texas Red
concentrations, in mol %, shown in white on the images. The images show the
deterioration in the quality of the bilayer as the Teas Red concentration is increased. It
also shows an increasing immobile fraction as the Texas Red concentration increases, as
evidenced by the incomplete recovery of the bleached spot. Scale bar 60 um applies to all

images.
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Figure 5.31: Graphical presentation of the relative intensity of fluorescence measured
from the images in Figure 5.30 (before FRAP bleaching) using concentrations of 0.5, 1.0,
2.0, 3.0, 4.5, 6.0 mol % Texas Red in a POPC bilayer on glass. (a) Plot of the expected
intensity level, which should increase linearly (red circles) with concentration of Texas
Red. The actual result (black squares) shows that the intensity reduces with increased
Texas Red concentration. (b) Theoretical result with no self-quenching (black squares)
and theoretical result with self-quenching of Texas Red (black circles) with actual results
superimposed (red circles), taken from *.

The FRAP images immediately after bleaching from Figure 5.30 were used to analyse the

intensity profile across the bleached spot in more detail.



166

1600

1000 /\
1] 100 200 300 400

Distance (pixels)

Gray Value
=
&
s

=)
=
=)

Figure 5.32: Recovery profile of a lipid bilayer formed from a zwitterionic POPC lipid and a
charged Texas Red probe at 0.5 mol % (also anionic) using a glass substrate (highly
anionic), (left) image of bleached spot immediately after bleaching and (right) intensity
profile across the beached spot. Scale bar 60 um.
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Figure 5.33: Bleached spot (left) and intensity profile (right) of lipid layer formed from
POPC (zwitterionic lipid) and 6% Texas Red (anionic probe) on (highly anionic) glass,
showing a lighter halo around the bleached spot and peaks on the intensity profile. Scale

bar 60 um.
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Figure 5.34: Bleached spot and intensity profile of lipid layer formed from 25%
DOTAP:POPC (cationic lipid) and 0.5 % Texas Red (probe) on PKSPMA (highly anionic
brush), showing a bright area around the bleached spot. Scale bar 60 um.
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Figure 5.35: Bleached spot and intensity profile of lipid layer formed from 25%
DOPG:POPC (anionic lipid) and 0.5 mol% Texas Red probe, on quaternary amine PMETAC,
(highly cationic brush), again showing a bright halo around the bleached spot. Scale bar

60 um.
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The image in Figure 5.32, shows the recovery profile when using 0.5 mol % Texas Red to
form a bilayer with POPC on glass. This shows an image of a homogenous bilayer, with a
Gaussian profile, indicating low/zero intensity at the centre, rising uniformly to the edge of
the profile area. With time the fluorescence recovery is expected to follow a profile where
by the bleached spot becomes less defined and after 5 min the image will gradually
become uniform in intensity and no darker area will be visible. A Gaussian profile is
maintained throughout this recovery process, as the unbleached lipids diffuse into the
bleached spot. Figure 5.33, at a Texas Red concentration of 6 mol %, shows an apparent
increased intensity at the perimeter of the bleached spot. This subsequently produces a
diffusing light ‘halo’ as time elapses, which spreads outwards from the bleached spot. As
can be seen in Figure 5.34, PKSPMA, which is strongly anionic, and Figure 5.35, PMETAC,
which is strongly cationic, there is a similar bright halo around the bleached spot. The
recovery profiles for these two samples were similar to that seen for the 6 mol % TR, where
the halo appears to spread outwards, but does not have a Gaussian profile.

This effect, seen with TR when using increased probe concentrations, has been attributed
to self-quenching of the fluorophore.* A similar result has been observed by a number of
researchers with other systems and may be related to this effect. ** “*” This fluorescence
guenching would be spread uniformly across the sample surface before bleaching and is
confirmed by the results shown in Figure 5.31, where the intensity of the sample decreases
after reaching a maximum for the Texas Red concentration of 1 mol %. However, this does
not explain how the bright halo is generated around the bleached spot.

For the results seen with the PKSPMA and PMETAC brushes a different explanation may
account for this effect. It may be associated with the copper ions remaining within the
brush after the ATRP polymerisation, because of incomplete rinsing of the Cu catalyst. In
the Cu(l) state these ions would quench fluorescence, but if they were oxidised to Cu(ll) by
the photobleaching this could lead to enhanced fluorescence, as the excited state ions
relaxed back to the ground state (the Jablonski diagram in Chapter 3 explains this process).
It is possible that, at the periphery of the bleached spot, the incident bleaching light is of a
slightly lower intensity which is appropriate for generating this enhanced fluorescence from
the Cu (ll) ions. At the centre of the bleached spot the intensity of the incident light is at its
maximum, so the fluorophore is completely bleached and the fluorescence from the Cu (Il)
is not visible or is not activated.

An interesting alternative hypothesis was proposed by Vo et al.*, who published work on

an anionic polymer layer (of PKSPMA) on the surface of cationic (Ludox CL) particles, using



168

ATRP. They proposed that the Cu(l)Br/2bpy catalyst could act as a cationic counterion
within the polymer chains and not be completely removed after the ATRP process. Though
this presents an interesting explanation, the same effect was also seen with cationic
polymers, as shown for PMETAC in Figure 5.35, which would not be expected to attract Cu®
ions into the chain. If the effect was due to residual copper ions it is possible that a more
rigorous process is required to remove the copper catalyst. Matyjaszewski * presents clear
advice on the removal of copper from the reaction and Ydens et al. * specifically report on
the importance of the catalyst removal step.

However, this does not explain the similar effect seen with concentrated TR on glass. The
common thread here is that the surfaces (glass and the polymers) are all highly charged
and the anionic probe (TR) is used in all cases. What is intriguing is that the same effect is
seen regardless of whether the substrate for the bilayer is anionic or cationic and whether

it contains a copper catalyst or not.

To summarise, Texas Red appeared to exhibit a non-standard recovery profile when used in
high concentrations (>1.0 mol%) and when used (at lower concentrations) with charged
lipids and charged polymer substrates. There was no reporting of this bright ‘halo’ effect in
the literature, other than reports of the enhanced fluorescence of the TR fluorophore in
the presence of metal ions.*® As it is accepted that there may be metal ions present when
testing the incubation of lipids on the polymer brushes, it is less obvious that they are
present when incubating lipids on glass with TR fluorophore. It would be interesting to

study this further to establish the nature of the brighter spot.

5.9. Discussion and conclusions for zwitterionic and anionic brushes

Vesicles interact with solid substrates via a combination of van der Waals, electrostatic,
hydration and steric (bending and undulation) effects, with the first two playing a
significant role in vesicle adsorption.”* Once adsorbed, the interplay between the adhesive
and bending stresses can induce rupture as shown in Chapter 2, (Figure 2.12).>* To create a
bilayer there are two elemental pathways, one which follows a speedy adsorption and
almost instantaneous rupture process and the second which is slower and requires the
vesicles to be adsorbed at a denser coverage before rupture is induced (Figure 2.9).>* The
second process may also require external stimuli, such as temperature or an osmotic

54 55

pressure difference between the inside and outside of the vesicle, to aid the process.

These pathways, which are well documented for solid silicon surfaces, will be a starting



169

point for discussing the mechanisms of bilayer formation on polymer brushes. There will
clearly be differences, as the brush support is composed of ‘soft-matter’ polymer strands
which provide less resistance for the deposited vesicles to be deformed and then fuse into
bilayers. The mechanism exploited in these studies to attract vesicles to the brush is an
electrostatic one, enhanced by attractive van der Waals forces. The soft polymer brush will
allow movement of the vesicles and bending or undulation of the bilayer. These forces may

also play a role in whether the final result is a bilayer or an intact vesicular layer.

A summary of the results is shown in Figure 5.36, below, which compares the chemical
structures of the brushes, the surface zeta potentials and the FRAP recovery results.
Despite intensive testing, the zwitterionic PMPC did not adsorb lipids of any composition.
The FRAP images for the highly anionic PMAA and PKSPMA show lipid layers or vesicle
layers which were homogenous but observed to be slowly moving (diffusion coefficients of
<0.1 um?s™) when highly charged (25% or 50% DOPG:POPC) vesicles were incubated on
them.The results for testing the slightly negatively charged PCysMA, (with positively
charged, 25% DOTAP lipids) showed the most successful bilayer formation on any of the
brushes tested. The diffusion rate compared well with glass for which the diffusion rate,
when using the same lipid composition, was 1.4 pm? s™* (mobile fraction 92%). The most
successful brush was a short, 7 nm (dry length) PCysMA brush, which, although in its

neutral (zwitterionic) range at pH 7 exhibited a surface zeta potential of — 10 mV.
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Figure 5.36: A summary of the structures, contact angles and surface zeta potentials of
the four brushes, PMPC, PMAA, PKSPMA and PCysMA. Below there are two images, the
top one at bleaching and below it after 5 minutes recovery. Scale bar 60 um.

As the results had been generated by relying on an electrostatic interaction between the
vesicles and the brush surfaces they could be discussed in terms of a “combined

IM

electrostatic potential”. This is the product of the zeta potentials of the lipids and the
surface zetas potentials of the brushes. These charges are contributed to by the lipid
headgroups: DOTAP lipid amine moieties, the POPC lipid amine and phosphate groups and
those charged elements within the polymer chains which are sulphonate, carboxylate and

amine functionalities. Figure 5.37 shows the zeta potentials in table form.
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Results of vesicle Incubation
POPC 10% DOTAP 25% DOTAP 50% DOTAP
zetamV 1 25 43 64
PMPC 0 none none none none
bilayer slow
PCysMA -10 none none D>1.0pm2 s1 [D 0.1<>0.9 ym2 s-1
immobile very slow very slow
PKSPMA  -33 none |D=0um2s1| D <0.1pm? s D <0.1pm 2s-
immobile very slow
PMAA -43 none |D=0um2s1| D <0.1pm? s
Combined ‘interaction potential’
PMPC 0 0 0 0 0
PCysMA -10 -15 -250 -640
PKSPMA  -33 -33 -825 -1419 -2112
PMAA -43 -43 -1075 -1849 -2752

Figure 5.37: Surface zeta of the brushes and zeta potentials of the lipids showing the
result of the incubations for each combination of these (top). Below are the combined
zeta potentials of the surface and vesicles.

Zwitterionic PMPC has a zero surface potential (0 + 10 mV), which generates a limited
electrostatic interaction potential of close to zero, with no lipids being adsorbed. PCysMA
has a combined potential of -430 mV?, when using 25% DOTAP vesicles and this value
creates a driving force for adsorption, creating a sufficiently high interaction force between
the vesicles and the surface, without generating too high an inter-vesicle repulsion. Having
adsorbed onto the brush surface the vesicles can fuse into a bilayer (Brisson pathway B) or
remaining intact (pathway C, Figure 2.9).>* For fusion to occur, the vesicles would need to
interact with each other and create a deformation induced stress before rupture. The lipids
in the vesicles, when initially attracted to the surface, contained an even distribution of
positively charged DOTAP and zwitterionic POPC lipids arranged throughout the bilayer. It
has been found in simulations that after approaching the surface, the positively charged
lipids rearranged themselves to be closest to the negative charges of the polymer

brush/substrate and the zwitterionic lipids would rearrange around the rest of the vesicle.*
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With the inter-vesicle repulsion now minimised, fusion would be easier and may continue
on one of the ‘Brisson’ pathways above. Movement of the vesicles and the forming of
bilayer patches across the surface would facilitate this and bring intact vesicles in contact
with the high energy edges of the newly formed bilayer patches, spreading the bilayer
further across the surface.”® This method has been demonstrated experimentally and with
simulations, on solid surfaces, but it has not been proven that polymer brushes will also
support this vesicle motion. According to Richter®® the formation and interaction of bilayer
patches, which are mobile across the surface are key to the formation of a good sealed
bilayer. In this instance it is difficult to imagine how these patches may form in the same
way on a soft polymer surface. This suggests that either the forming bilayer ‘sensed’ a more
rigid surface (as the brushes are short at ~7 nm long) or there is a different mechanism in
play whereby the vesicles rupture and fuse directly into a full bilayer. The third possibility
was that the bilayer, although appearing to be homogenous under the microscope, was not
sealing, had many defects and may have been composed of many unfused bilayer patches.
The fact that a good diffusion coefficient and mobile fraction were measured would,
however, suggest that the bilayer was of good quality. The testing of the impedance, had it
been successful, would have confirmed this.

However, the process was not completed on PCysMA without a high temperature to
induce bilayer formation. This was initially attributed to the slight swelling behaviour of the
vesicles when heated. In addition to this mechanism, a conformational change in the brush
on heating could be taking place as suggested by the results of the contact angle
measurements (Figure 5.14) and the work published by Huck et al..*° Their brush,
PMEDSAH, is a sulfobetaine and is zwitterionic. As the PCysMA brush is also zwitterionic it
is logical to assume that the positive and negative charges between chains will interact,
effectively neutralizing these charges. Huck found that when heating the brush the contact
angle reduced (from 79° at 22 °C to 58° at 52 °C), indicating that it had become more
hydrophilic. The reason they proposed for this was that the heating had enabled the
interactions between the charged elements on the chains to be broken. The PCysMA
brushes exhibited a similar change in contact angle when heated (from 43° at 25 °C to 28°
at 50 °C). This could allow vesicles to be attracted sufficiently well to the brush surface, but
not to be immobilized as is the case with the high negative charges presented by the PMAA
and PKSPMA chains. Additionally, the change in configuration of the PCysMA chain could
physically disrupt and stress the vesicles when combined with their slight swelling at 50°C,

allowing fusion and bilayer formation to take place.
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AFM images and breakthrough force measurements confirmed the formation of a bilayer
on PCysMA. The AFM height images (Figure 5.21 (b)) and the breakthrough force curve
(Figure 5.21 (c)) both confirmed that the brush remained in its swollen, or more strictly a
2/3 swollen, state and that the bilayer was located on top of the brush.

Referring once again to the table of interaction potentials (Figure 5.37) it can be seen that
as the brush-vesicle interaction potentials are increased further to >800 mV?, by
introducing the acidic brushes PMAA and PKSPMA, less favourable results were observed.
Immobile lipid layers were seen with 10% DOTAP, (>800 and <1200 mV?). A different result,
a homogenous layer with some very slow mobility (FRAP diffusion rates of <0.1 um?”s™) was
observed when using 25% DOTAP (>1400 mV?). These two results are particularly
interesting to explain. It is possible that re-arrangement of positively charged lipids in the
vesicles close to the (negative) polymer surface could be taking place at 10% DOTAP, but
with fewer charged lipids in the vesicles, this process causes insufficient deformation of the
vesicles to drive fusion. At the higher charge (>1400 mV?) however, there are a number of
possibilities. Firstly, there could be a layer of vesicles bound to the surface, which are
slowly mobile, though, because of the high charge, it is unclear why they would be mobile.
Alternatively, there could be a layer of vesicles, where the charged lipid species are
attracted to the surface leaving the (slightly negative) dipoles of the POPC lipids available to
attract a second layer of vesicles where the top layer is slowly mobile. Or, thirdly, a bilayer
forms which is tethered by the positive charges to the negative surface and a second
bilayer forms on top, similar to that seen for PCysMA in Figure 5.19 (b). One of these
variants could also apply to the case for the interaction potential of -640 mV? specifically
for 50% DOTAP vesicles on PCysMA. A homogenous layer was observed with mobility of
between > 0.1 and <1.0 pm? s™* in this case, which could be to be the result of a double-

bilayer.

To add further insight into these intriguing results the literature was reviewed for research
where, rather than producing bilayers on polymer brushes, the interactions between
vesicles and bilayer membranes were specifically studied, in the field of polymeric drug
delivery vectors. Karam et al., >’ followed the changes in emission spectra during the
interaction of conjugated polyelectrolytes with a carboxylate group on the chain (anionic
polymers) with cationic (DOTAP:POPC) lipids. They found that the anionic polymers were
attracted electrostatically to the DOTAP lipids and to the DOPC to some degree, but they

also inserted into the hydrophobic core, aiding the fusion of the vesicles. Xie et al.”® studied
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the interactions between weakly anionic PELs and DMPC, which they considered to be
weakly cationic by virtue of the fact that the terminating tertiary amine of the headgroup
was located a few angstroms above the negative phosphate. (This disagrees with Knecht’s
! view of the headgroup, above). Xie recognised that strong interactions between polymers
and membranes had been exploited in the field of drug research, but considered that a
balance of weaker charges could create a different scenario where the polymer-lipid

changes the local bending rigidity and spontaneous curvature of the membranes.

To summarise: two zwitterionic polymer brushes, PMPC, and PCysMA which incorporates a
cysteine moiety, have been tested for their ability to support a fluid bilayer. The PMPC does
not interact with lipids, but the PCysMA supports a homogeneous fluid bilayer when
incubated with cationic vesicles composed of 25% DOTAP:POPC. Though technically
zwitterionic, the PCysMA displays a slightly negative surface zeta potential, which may be
the result of the charge influence of the surface (SAM) initiated glass substrate. When this
is combined with positively charged vesicles there is a balanced interaction which supports
vesicle deposition and fusion. A bilayer results, with a good diffusion coefficient and mobile
fraction, comparable to that on glass. When depositing similar vesicles onto a more highly
charged anionic brushes, PMAA and PKSPMA, vesicular layers are formed, with no fusion.
This suggests that a narrow range of interaction potentials between the brush and the

lipids is important in generating a good polymer supported bilayer for this system.

This work contributes to the knowledge of the interactions between lipids/bilayers and
polymers and satisfies the project requirements for the collaboration by creating a
“polymer supported lipid bilayer”. It has generated many interesting questions, particularly
in relation to the systems where greater interaction potentials are present which formed
slower moving lipid layers or vesicular layers on the highly charged polymers. Further work
to investigate the intriguing nature of the samples with what appear to be double bilayers
would further increase the knowledge of the interactions between lipids and polymers,
which has many applications. The successful PCysMA system has now been published in
Langmuir and was taken forward, as discussed in the next chapter, to attempt to

incorporate transmembrane proteins.
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6. Results 2. Transmembrane protein incorporation into a polymer

supported lipid bilayer

6.1. Introduction

The aims of the collaboration project included exploring ways of incorporating proteins into
structures at “low-dimensions”. These nanoscale structures would allow the functionality of
light harvesting proteins of the Rhodobacter Sphaeroides to be studied both individually
and as groups of proteins. The methods included creating corrals of patterned polymers
that would isolate or group the proteins together, with the possibility to use electric fields
to concentrate the proteins into confined locations. Other methods being explored were
the tethering of proteins onto nanodots or onto polymer chains. Finally, the contribution of
this project is to explore the incorporation of freely diffusing transmembrane proteins,
specifically the cytochrome bcl complex, into a bilayer on a polymer support. Cytochrome
bcl is associated with the light harvesting complexes | and Il and the reaction centre. Its
exact location in the membrane is not known, but its function is to oxidise QH, to quinone
to generate a proton motive force.™®

Having successfully prepared a suitable polymer support, with a bilayer consisting of 25%
positively charged lipids, methods for incorporating proteins were explored. Three main
challenges needed to be met. Firstly, few protein reconstitutions in the literature employed
positively charged lipids, preferring instead to use negatively charged ones in common with
the composition of naturally occurring cell membranes. Secondly, there was limited
information in the literature specifically on the reconstitution of the Rh. Sphaeroides
cytochrome bcl complex. Thirdly, the proteins had to be orientated in a specific way in the

polymer supported bilayer in order to maximise its functionality.

Initially, a published method was followed for incorporating proteorhodopsin (PRh) into
lipid vesicles, as it reported the use of positively charged lipid vesicles with specific
orientation of the protein.' A second published method was then followed which was used
for incorporating cytochrome bo3, into a natural membrane.?® Cytbo3 is a similar protein
to the target, Cytbcl. Despite their being elements of both methods which would lead to
the successful incorporation of correctly oriented proteins in the required cationic vesicles
they both required a detergent removal and protein reconstitution step. This process is
notoriously difficult to achieve as there are no rules on which detergent and reconstitution
method apply to a specific protein. With this in mind a third option was also explored

wherein a detergent depletion method would be adapted to incorporate the protein
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directly into solubilised multilamellar vesicles (MLVs) or a preformed lipid bilayer, without

the need to reconstitute it into unilamellar lipid vesicles.

6.2. Attempted reconstitution of proteorhodopsin into cationic lipid vesicles

6.2.1. Introduction and method

When studying the incorporation of proteorhodopsin (PRh) into lipid vesicles Tunuguntla
and co-workers ! proposed to utilise the fact that the PRh ‘N terminal’ contained negatively
charged residues and the ‘C terminal’, positively charged ones. They reported that PRh
inserted into a positively charged vesicle with its positive C terminal on the outside. When
reconstituting into a negatively charged vesicle the N terminal faced to the outside as
shown in Figure 6.1. This potentially provided an easy method of reconstituting PRh into a
25% DOTAP vesicle with the correct orientation. The best available structure of PRh from
the Protein Data Bank is shown in Figure 6.1, but there is no detail here that indicates
where the N and C termini are located. However, Tunuguntla used protein lysis to

demonstrate the location and orientation of these groups.
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Figure 6.1: Schematic of the cationic (DOTAP) and anionic (DOPG) vesicles showing the
direction of insertion of PRh (left). Inset (right) is the Protein Data Bank schematic of the
PRh protein structure. *

The dried lipids, composed of 20% DOTAP:POPC or 20% DOPG:POPC, were rehydrated with
10 mM HEPES buffer at pH 6.2 into which 5(6) Carboxyfluorescein (CF) had been dissolved.
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The resulting multilamellar vesicles were extruded to form unilamellar vesicles using a 200
nm polycarbonate membrane.

Using a UV —vis fluorimeter the sample of the vesicles was then illuminated with 490 nm
and 460 nm light and the emission intensity, captured at 530 nm, was measured and
calculated as a ratio. (The ratio: emission at 530 nm after illuminating at 490 nm divided by
the emission at 530 nm after illuminating at 460 nm). The results were plotted graphically
over a pH range of 4 to 8 as shown in Figure 6.2 and confirmed to be similar to those
reported in the literature by other groups * > (Tunuguntla did not report the calibration

curve in their paper).
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Figure 6.2: Calibration graph for 5(6) Carboxyfluorescein (CF), plotting pH against the
emission ratio at 530 nm after irradiating with light at 490 and 460 nm. (The inset grid
indicates the run number).

The remaining vesicles were incubated with BDDM to solubilise them, after which the
protein (PRh) was added, which was expected to insert into the bilayer of the vesicles. The
detergent was removed using Biobeads, followed by dilution into HEPES at pH 6.8. After
this protein incorporation process, the proteoliposomes were irradiated to facilitate proton
pumping. A change in emission wavelength, if successfully detected, would correlate with a
change in pH, read from the calibration graph. This in turn would indicate that the PRh was
functioning and protons were pumping either from inside to outside the vesicle, or vice

versa.
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6.2.2. Results and discussion

The protocol, which takes 3 to 4 days to complete, was repeated three times. Figure 6.3
shows a typical result. The DOPG vesicles appear, by eye, to contain PR, as indicated by the
characteristic pink colour of the protein; however, the DOTAP vesicles do not show such a

positive result.

POPC:DOPG A l-VPC:DOTAP

*Yellow colour of CF, after
all incubation and biobead
detergent removal

*No pink of
proteorhodopsin

*pink colour of PRh
after all incubatic
and biobead

detergent removal

Figure 6.3: Photograph of the vials of liposomes after encapsulating CF, inserting PRh and
removing the detergent with Biobeads. The yellow colour indicates that CF is present and
the pink indicates that PRh is present. The results indicate that the protein is present in
the POPC:POPG sample, but not in the DOPC:DOTAP sample.

For both samples the initial emission ratio/pH readings were taken before any irradiation,
column 2 in Figure 6.4. The samples were irradiated for a period of 10 min and the
emission/pH ratios reported again. No changes, from the initial readings of pH 6.2, were
observed for the measurements of pH taken after irradiating the PRh in the DOTAP
vesicles. This result which is not surprising as there did not appear to be any indication of

the presence of the characteristic pink colour of PRh in the sample.

Reading at lyoo/las0 NO Sl
Time illumination 10 min
(min) ratio (pH) illuminati
POPC:DOPG on (pH)

0 2.43 (6.2) 2.8 (7.0)
5 2.9 (7.0)
10 2.44 (6.2) 2.5(6.3)
15 2.43 (6.2)

Figure 6.4: Emission ratio readings for DOPG vesicles after incorporating PRh, before and
after illuminating for 10 min.

The result where the PRh had been attempted to be incorporated into DOPG:POPC vesicles
did look more positive and changes were seen in the measurements to record the change

in pH after irradiation of the PRh, as shown in column three of the grid above. There
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appeared to be a change in the pH to 7 from the initial value of 6.2, after irradiating for 10
min which decayed back to the original value after 15 minutes. No change was seen when
irradiating for a period of less than 10 min. This ‘decay’ of the reading after 10 minutes
would suggest the vesicles may not be sealed and that the CF was leaking out of
imperfections in the vesicle bilayer. Unfortunately this change in pH result was obtained on
only one occasion and could not be repeated.

After discussing these results with the biochemists of the group, it was concluded that the
DOTAP vesicles did not incorporate the PRh protein. Indeed it was discovered that the
method reported in the paper did not show that calcium was actually used to facilitate this
process. It was also considered that, despite observing a change in pH when the protein
was incorporated into DOPG vesicles, the one observation could not be relied upon as
evidence of the method being successful.

Furthermore, it was very likely that the solubilisation process would create points of
leakage for the CF from the vesicles at the same time as allowing the protein to insert.
Additionally the proteorhodopsin, if it did insert, may have done so in a random
configuration, pumping protons both into and out of the vesicle.

Finally, it was suggested by Liphardt,® that PRh becomes light responsive (proton pumping)
during oxygen depletion. If this is the case, and that it only functions in an oxygen depleted
environment, then our protocol should have included anaerobic conditions.

It was thus concluded that much more work and careful analysis would be required at each

stage before this method could be used.

6.3. Attempted reconstitution of Cytbo3 into cationic vesicles

6.3.1. Introduction and method

A successful protocol for incorporating Cytb03 into lipid vesicles was developed in Leeds
and this was used for the next study. The protein was originally reconstituted into E.coli
vesicles for electrochemical studies and this adapted method, originally from Verkhovskaya
et al., > was followed as a first step. It was then changed so that the E.coli vesicles were
substituted for 25% DOTAP vesicles.

Briefly, the method (explained in full in chapter 4) used, firstly, natural E.Coli dried lipids,
then lipids of 25% DOTAP:POPC. These were rehydrated with MOPS buffer to create a
cloudy suspension of multilamellar vesicles. To this was added a small amount of
octlyglucoside (OG) detergent. A UV-vis spectrum was taken as the background reading.
Cytbo3 was added, in a 1% w/w ratio with lipid at 3.6mg/mL, and incubated for 15 min. The

UV spectrum was taken again. Biobeads were used to remove the detergent and the result
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was centrifuged at high speed for 1 hour. The resulting pellet was redissolved in buffer and
centrifuged again at slower speed. On one sample the presence of the protein in the
liposomes was confirmed by adding OG detergent to release the protein and taking a
further UV-vis spectrum. After confirming the presence of the protein in the vesicles (using
the UV vis method) a sample of the proteoliposomes was incubated onto glass. The
diffusion coefficients of the bilayers were tested, using FRAP and the result was examined
using AFM. The preparation process was then repeated with the aim of incubating the

proteoliposomes onto PCysMA brushes.

6.3.3. Results and discussion

The incorporation of cytbo3 into E.coli vesicles worked well and approximately 37% of the
protein, as measured by the change measured levels of UV-vis absorption at 408 nm, was
calculated to be incorporated. This was in line with expectations. * When 25% DOTAP:POPC
vesicles were substituted for E.coli vesicles the ratio was lower, at 17%, but still showed a

positive result. The results are shown graphically in Figure 6.5.
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Figure 6.5: Plot of absorbance against wavelength showing back ground (black ),
absorbance of cytbo3 in E.coli (blue) and cytbo3 in 25% DOTAP:POPC vesicles. In E.coli
~37% of the protein was incorporated; in 25% DOTAP this measure was lower at 17%. The
line shows the 408 absorbance line, characteristic of cytbo3.
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Figure 6.6: Fluorescence recovery plot of a 25% DOTAP:POPC lipid bilayer incorporating

cytbo3 incubated on glass coverslip. Images are inset which were taken at bleaching and
after 5 min of fluorescence recovery. Scale bar is 60 um.

The proteoliposomes were then incubated onto piranha cleaned glass coverslips and the
results examined using FRAP. The images in Figure 6.6 show good fluorescence and the
second image clearly shows the recovery of the bleached spot. From the diffusion plot a
diffusion coefficient of 1.1 pm? s and a mobile fraction of 86% were calculated. The
surface of the bilayer was not as homogenous as would be expected with lipids on glass,
but this may be a result of the diffusion being hindered by the presence of the protein. The
sample was then scanned using AFM in an attempt to confirm the presence of a bilayer and

protein.
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Figure 6.7: Top left (a) is the AFM height scan of the cytbo3, with (b) the PDB structure of
it. Below in (c) is the surface scan height measurement and (d) a schematic of the top of
the protein in a bilayer.

The AFM scan, in Figure 6.7 (a) (performed by Khizar Sheikh) showed a good, smooth
bilayer with deformations within it consistent with the presence of the Cyt bo3. The height
scan, Figure 6.7 (c) shows a peak at 4 nm above the level of the bilayer, which correlates
with the known height (Figure 6.7 (d) of the protruding (red area) top of the protein. On
each side of the peak were annuli which are caused by deformations of the bilayer lipids by
the protein.? Also in Figure 6.7 (c), to the left, is another peak which corresponds to the
blue area of the schematic, Figure 6.7 (d), of the protein in a bilayer. This AFM image taken
with the FRAP recovery curve provided fairly convincing evidence of the presence of the
protein in a bilayer suggesting this method may be useful to incubate similar
proteoliposomes onto a PCysMA brush.

The next stage of the process was to incubate similar proteoliposomes onto a PCysMA

polymer brush. The FRAP images of the results for this are presented in Figure 6.8. They
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show a very slowly recovering bilayer.
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Figure 6.8: FRAP recovery curve of 25% DOTAP:POPC lipid vesicles containing Cyt b03
incubated on a short ((7nm) PCysMA brush.

These images show a vesicular surface with a very slow recovery (diffusion) rate of the
bleached spot (0.33 pm® s *) and a low mobile fraction (59%) compared to the high
diffusion rates seen in Figure 6.6. It is possible that the method of incubating the vesicles,
at 50 °C, or the presence of the proteins themselves have slowed the diffusion rate.
Aspects of this method did appear to work well and future work would include repeating

this process.

6.4. The use of short chain lipids or detergent depletion for direct reconstitution of
proteins into a bilayer

6.4.1. Lipid bilayer formation using short chain lipids

6.4.1.1. Introduction and methods

There have been a number of interesting publications *** *?

which suggested that short
chain lipids, such as 1,2-hexyanoyl-sn-glycero-3-phosphocholine (DHPC-C6), in combination
with long chain lipids like POPC, DOTAP or DOPG, produced bicelles, rather than vesicles.
These bicelles can be formed either by tip sonication or extrusion. It has been further
suggested that the DHPC-C6 acts as a mild detergent to solubilise the vesicles so that

bilayers formed more easily than when the long-chain variant was used alone. The short

chain lipids, being soluble in water, would be removed during the rinsing protocol which
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followed lipid vesicle (or bicelle) incubation on the substrate. The presence of the short
chain, detergent-like, molecules in conjunction with the long chain lipids was anticipated
to facilitate the incorporation of transmembrane proteins into the bicelle or directly into
the bilayer, before rinsing. ° °

1128 that the bicelle structures are either

It had been suggested, by Hauser and others,
layers of two bilayers with short chain lipids inserted at the long edges, as can be seen in
Figure 6.9., or that they may take the form of elongated bilayer patches with a rim of

detergent surrounding the bilayer core in the form of a nanodisc.
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Figure 6.9: Shows the structure of the long chain lipid POPC and short chain DHPC-C6 with
a schematic of the expected structure of the bicelle leading to bilayer formation on glass.
Images obtained from °.

The bicelles chosen for testing were prepared by drying POPC or 25 mol % DOTAP:POPC or
50 mol % DOTAP:POPC, with DHPC-C6 and reconstituting in buffer before tip sonication.
The ratio used of long chain to short chain lipid was approximately 50:50 and the final
concentration for all lipids in buffer was 0.5 mg/mL, as detailed in Chapter 4. The bilayer
formation methods were exactly the same as those used previously for forming bilayers on

glass and PCysMA and took place in a flow cell at room temperature or at 50 °C.

6.4.1.2. Results and discussion
After successfully creating bilayers on glass, which showed similar characteristics to bilayers
on glass without DHPC-C6, vesicles which included DHPC-C6 were incubated onto a short

PCysMA brush of 7 nm (dry thickness). The homogeneity of the bilayers and the diffusion
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coefficients were very similar to those reported in chapter 5 when similar lipids were used
without the addition of DHPC-C6. Shown below in Figure 6.10., are the diffusion plots
together with images at bleaching and after 5 min recovery time, for “25% DOTAP-C6” and
“50% DOTAP-C6”. The cationic lipid component was 25% DOTAP in Figure 6.10 (a), where
the graph shows a good diffusion coefficient of 1.4 um”s™, however the mobile fraction is
low at 76% and the surface not very homogeneous. The lower graph, Figure 6.10 (b), shows
the case where DOTAP constituted 50% of the long chain component. The diffusion
coefficient of the bilayer in Figure 6.10 (b) was much slower at 0.3 pm” s™ and the mobile
fraction was 85%. This result was very much in line with the result for “50% DOTAP” shown
in Chapter 5, where no DHPC-C6 was included, but showed no significant improvement
over it. In the latter example (in Chapter 5) the slower diffusion was attributed to either a
possible double bilayer or the result of unruptured vesicles on the PCysMA surface. As
shown here, the use of the short chain lipids would be expected to solubilise the lipids and
not be expected to support the formation of a vesicular layer on the PCysMA brush. This
may suggest that the previous slow diffusion rate in Chapter 5 was the result of a second
bilayer when the highly charged 50% DOTAP vesicles were incubated on the PCysMA
brushes. AFM was not performed on the sample but, in hindsight, it would have been

helpful in determining the nature of the adsorbed layer.
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Figure 6.10: 50:50 mixture of long (DOTAP:POPC) and short chain (DHPC-C6) lipids
incubated on a 7 nm PCysMA brush. Inset, are the images at bleaching and after 5 min.

(a) has a 25:75 ratio of DOTAP:POPC and (b) 50:50 ratio of DOTAP:POPC. Scale bars 60
pm.

In summary, bilayers can be formed by incubating a mixture of long and short chain lipids
onto glass or PCysMA. During the incubation period it was expected that the bicelles, if that
was in fact the structure, were adsorbed and possibly solubilised by the DHPC-C6. The
DHPC-C6 would then be rinsed away, releasing the long chain lipids to fuse into a

homogeneous bilayer on the substrate (glass or polymer).The result did indicate that a
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bilayer had formed with good diffusion, though the results were inferior to those obtained
without the short-chain lipid. However, the method could be developed to aid the
incorporation of a protein into the bilayer, by suing the short-chain lipid to solubilise the

membrane.

6.4.2. Lipid bilayer formation using BDDM detergent solubilised mixed micelles

6.4.2.1. Introduction and methods

As demonstrated above, the use of detergent-like molecules as part of the lipid
composition showed some positive results when incubated onto glass and the PCysMA
brush. However, whilst this method was being investigated it was found, during the
purification of cytbcl, that BDDM was the only detergent in which the protein was not
denatured. Whilst it was possible that this denaturing may be reversed after the protein
was reconstituted into a bilayer using a different detergent, it was preferable to maintain
its functionality by keeping it in BDDM. It was therefore necessary to establish a detergent
depletion method which utilised this specific detergent rather than the DHPC-C6.

> and Lee ' as reported in chapter 4.

Briefly, the method used was adapted from Vacklin *
Multilamellar vesicles (MLVs) were prepared from dried long chain lipids (25%
DOTAP:POPC) reconstituted into 10 mM phosphate buffer at high concentration (2 mg/mL)
by vortexing for 1 min. The BDDM detergent was then added to dilute the suspension to
0.5 mg/mL and solubilise the MLVs ready for incubation on the substrates. The solubilised
MLVs were incubated onto glass and then onto PCysMA brushes.

To characterise the mixed-micelles and ascertain the minimum concentration of detergent
required to solubilise the vesicles, an analysis was performed, using the Zetasizer Nano, to
determine the change in size of the MLVs when detergent was added. Multilamellar

vesicles were formed in buffer solution and the size measured before and after adding a

range of concentrations of detergent.

6.4.2.2. Results and discussion

The MLVs when first prepared, were found to have a diameter of 309 + 55 nm. By adding a
small amount (1% BDDM) an initial fall in size to 113 + 13 nm was seen. Following this, at
approximately 2.5 wt %, swelling to 247 + 12 nm took place. As more DDM was added
there was a rapid fall in size to <10 nm after 5 wt % was added. It remained at this level
when more DDM was added. It appeared that 5 wt % of DDM would suffice to solubilise

the vesicles, however, Vacklin’s method successfully used a higher weight ratio of 3:1. It
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was considered prudent initially to follow this successful method and later to systematically

reduce the ratio of DDM being used.
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Figure 6.11: Plot of change in diameter of 25% DOTAP:POPC MLVs when solubilised with
increasing amounts of BDDM (top). Below is a diagram, depicting the characteristics of
the MLV as it is solubilised with detergent, published by Seddon et al. ref 17.

The plot of the changes in the diameter of the MLVs as detergent is added can be
compared to work done by Seddon et al. ' as shown in Figure 6.11 (b) above. After the
initial measurement of 309 nm detergent at 1 wt % was added and an immediate fall in
diameter to 113 nm was seen. This initial fall in size could be attributed to the removal of
an outer bilayer from the multi-layered vesicle, though this was not observed by Seddon.
After this initial fall, the MLVs increased in size, swelling to 247 nm. This was a result of the
partitioning of detergent into the bilayers within the vesicles causing them to swell. As
more detergent was added the vesicles were destroyed and the solution consisted of

detergent saturated vesicles and lipid-saturated mixed micelles. When these became
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saturated they broke down into smaller mixed-micelles. As more detergent was added the
proportion of phospholipid within the vesicle was diluted. The concentration of detergent
at which they change character to mixed-micelles is about 5 wt % SBDDM. The results are

shown in Figure 6.11 (a) above.

6.4.3. Lipid bilayer formation and attempted protein incorporation using SDDM
detergent
6.4.3.1. Introduction and methods

The cytochrome bcl, complexed with RC—LH1-PufX and referred to as C10H, was received
(from the biochemists in Sheffield) in a vesicle in which the cytbcl were tagged with gold
nano-dots. It was anticipated that they could be imaged using the dark field microscope.
The vesicles may have contained other elements of the light harvesting (LH) complex, but
were expected to consist mainly of the reaction centre-light harvesting 1 complex
described above. The C10H composition and structure had not been fully elucidated at the
time of the experiments, but initial electron microscope studies of the crystallised vesicles
had been published.™®
The analysis methods chosen for this work of incorporating these C10H vesicles into lipid
bilayers on the PCysMA brush included the FRAP methodology employed in all previous
experiments. Analysis by total internal reflection microscopy (TIRF), and dark field
microscopes was also introduced. The TIRF system was used to eliminate fluorescence from
outside the focal plane and improve the spatial resolution of the sample, without using a
fluorescent probe, which may interfere with the readings made in future experiments
when the light harvesting component functionality would be measured. Dark field was
included as an imaging tool to enhance the sample contrast so that the gold nanodots

would be visible without interference from the sample itself or any fluorescent probe.

Bilayers formed from MLVs solubilised with BDDM were first prepared on glass and
investigated using the FRAP, TRIF and dark field microscopy. Following the successful
bilayer formation using the DDM-MLV method on a piranha cleaned glass substrate, a light
harvesting protein was incorporated and viewed first in a bilayer on glass, by FRAP, TIRF
and dark field. The process was then repeated incubating onto a short, 7 nm, PCysMA

brush, grown from a glass substrate.
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6.4.3.1.1. BDDM solubilisation

The process for incorporating the LH complex C10H into a bilayer was to utilise the SDDM
solubilisation method described above. Initially multilamellar vesicles were formed by
vortex mixing dried 25% DOTAP:POPC lipids in 10 mM phosphate buffer. These were then
solubilised by adding sufficient BDDM to produce a final 3:1 ratio by weight of 3DDM :total
lipid. This suspension was incubated on a glass coverslip in a home-made cell, which could
be used under a combined dark field and TIRF microscope (shown in Chapter 3, Figure 3.4
(b)). The cell was made from a microscope slide and a round glass coverslip sealed with a
3D printed rubber ‘O’ ring in between. Taps were inserted into the ‘O’ ring and sealed with
UV activated glue. The reason for using this design rather than a regular flow cell was
because the TIRF/dark field microscope has a limited working distance of only 2 mm and
the regular flow cell is 15 mm deep. The samples were rinsed very slowly at 0.1 mL min™ for
10 min, then, the rate was slowly increased to 2.6 mL min™ over a 20 min period. FRAP,
TIRF and dark field microscopy methods were then used to examine the sample.

Following the successful bilayer formation using this lipid mixture on glass, the method was
modified and after the detergent solubilisation, an aliquot of the C10H vesicles was added
to the solubilised vesicles. The protein-lipid mixture was then incubated onto a glass
coverslip. The same method was used again, substituting the glass substrate for the

PCysMA brush grown on glass.

6.4.3.2. Results and discussion

6.4.3.2.1. Bilayers on glass using DDM/lipid and C10H vesicles

The lipid/DDM mixture was first incubated onto a glass coverslip, showing that a good,
homogenous diffusing bilayer was formed. Following this, a 3:1 ratio by weight of
BDDM:25% DOTAP:POPC lipid and C10H vesicles was incubated onto a glass coverslip. The
result was a good, fluid bilayer with few visible defects. The results, shown in Figure 6.12
(a), using FRAP, showed a diffusion coefficient of 0.87 um?s™ with a mobile fraction of
80%, which compares well with the rates on glass using vesicles of only long chain lipids.
The reduced diffusion rate could be the result of the protein vesicles interacting with the

glass and creating a barrier to full diffusion. The mobile fraction of 80% is indicative of this.
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Figure 6.12: (a) Diffusion coefficient of 3:1 BDDM:lipid bilayer incubated with C10H
vesicles on glass showing images at bleaching and after 5 min. Scale bar 60 um. (b) the
same sample viewed using TIRF. Scale bar100 pum.

The diffusion and recovery were confirmed on the same sample and also viewed under
TIRF, as seen in Figure 6.12 (b). The lower image shows the bilayer 7 min after bleaching.
The bleached spot, which has fully recovered, was in the top left corner (it is not the darker
area in the centre).

Figure 6.13 (a) below, shows images of a DDM:lipid bilayer only (with no C10H) viewed

under dark field, where the sample was illuminated by reflected light.
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Figure 6.13: (a) Dark field image of a DDM solubilised bilayer (b) DDM solubilised bilayer
containing C10H vesicles, in which the cytbcl was tagged with gold nanoparticles. Scale
bar 100 pum.

This shows very little reflection from any objects on the surface. Below in (b) is the dark
field image of the same bilayer after the incorporation of gold-ragged C10H vesicles. Light
coloured dots can be seen, as would be expected from light reflecting (diffracted) from the
gold nanoparticles. These experiments should be repeated before conclusions can be
drawn about the success of the protein incorporation, as the method is very dependent on
the exclusion of any dust or other foreign bodies from the system. Time constraints meant
that this experiment was performed once only, but proved that the apparatus and process

worked, in principle.

6.4.3.2.1. Bilayers on PCysMA using BDDM/lipid and C10H vesicles

Following the same method as above the incubation, of 25% DOTAP:POPC vesicles with
BDDM and C10H vesicles on the 7 nm PCysMA brush, took 5 days to fully form into a fluid
bilayer. The results can be seen in Figure 6.14. The top images show the progression of the

incubation over a period of days, with the bilayer becoming more fluid and homogenous
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Figure 6.14: FRAP images of bilayer on PCysMA using BDDM/MLVs and C10H vesicles,
(top) after 1 h, (mid) after 24 h and (lower) after 5 days. Scale bar of 60 um applies to all
images.
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Figure 6.15: Diffusion graph and FRAP images, bilayer on PCysMA using BDDM/MLVs and
C10H vesicles, after 5 days incubation. Images at bleaching, (left) and after 5 min
recovery (right). Scale bar 60 um.
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during this period. The final result showed a good diffusion coefficient of, 1.4 um?®s™, a rate
similar to the “standard” diffusion rate of lipids on glass. However, a mobile fraction of 82%
was measured (Figure 6.15 (b)), which indicated that some of the lipids were immobilised.
This could suggest that there was an interaction between the polymer brush and the
protein, which may have immobilised the proteins. However, the same formulation of lipids
and detergent on PCysMA with no proteins gave good diffusion rates and a similar mobile
fraction of 80%. It can be concluded that the DDM itself may be slowing the diffusion rate
in some way and this would need to be investigated. It may be interacting with the PCysMA
or creating defects in the bilayer because it is not fully removed by rinsing. It should also be
noted that using an elevated temperature and extended incubation time, the protein may
have been denatured. However, as the objective was not, at this stage, to prove the activity
of the protein, but to prove that the bilayer was present, with proteins incorporated on a
polymer brush, the sample was next used for AFM imaging.

The top left AFM scan of the same sample, shown below in Figure 6.16 (a), does not
indicate that a good fluid bilayer is present, which is disappointing but not surprising, as the
sample had to be stored for 2 weeks whilst awaiting modifications to the AFM. It had then
to be removed from the flow cell before AFM imaging. The sample showed a non-
homogeneous surface, which could possibly be the polymer brush. The height profile in
Figure 6.16 (b) indicated that the layer was about 7 nm high, which is the same as the dried
polymer. There was no definitive bilayer breakthrough curve in Figure 6.16 (c). There were,
however, elevated features which resembled the dimensions of a C10H vesicle of
approximately 100 nm in diameter and between 20 to 30 nm high, in agreement with
Cartron et al. as shown in Figure 6.17." It is appreciated that these could actually be
mounds of aggregated dried lipids.

The bilayer deposition method onto the PCysMA brush, initially included a heating step, to
50°C, to ensure that the bilayer was formed, in line with the findings in Chapter 5. This was
not an ideal condition for incorporating a protein, so the first steps to modify the method
have been successfull. First a bilayer on PCysMA was produced by incubating 25%
DOTAP:POPC vesicles at 50 °C, followed by the addition of a BDDM/protein mixture after

the bilayer had formed.
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Figure 6.16: AFM scans of the bilayer on the sample seen in Figure 6.15. (a) yellow line
marks the scan, which is seen in profile in (b) height profile indicates a height of 20 nm.
(c) Shows a breakthrough force curve, which does not indicate a bilayer breakthrough
characteristic.
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Figure 6.17: Further AFM images of the potential C10H vesicle on PCysMA. Image (a)
shows an elevated feature which is shown also in false colour in (c). The image (b) is a
published image of the crystallised C10H vesicle.'®

6.5. Summary, conclusions and further work

The first positive steps have been demonstrated here, to introduce a method for
incorporating light harvesting components into a fluid bilayer on a polymer brush support.
Three methods were investigated, the first two being reconstitution methods which
required the incorporation of proteins into liposomes before they were incubated onto
glass or a polymer brush. These first two methods were not entirely new, but the
incorporation of the proteins into cationic vesicles, required for the successful incubation
onto PCysMA is not widely published. The third method required the solubilisation of a
preformed bilayer with BDDM on the PCysMA brush and subsequently incubating a light
harvesting C10H vesicle onto it, which is novel.

The first method for incorporating proteorhodopsin into cationic and anionic vesicles was
chosen to demonstrate that cationic vesicles could be used for the reconstitution, despite
the fact that natural membranes are usually anionic. The method also suggested that
because of the surface charge on the vesicles all proteins would present in the same
orientation, which is important when testing the direction of proton pumping. It appeared
to work successfully with anionic vesicles but not with cationic ones, which were the ones
needed for taking this method forward. The method showed weaknesses in the practical
steps which lead to leakage of the fluorescent dye from the vesicle and in the case of the

cationic vesicles, removal of the protein completely. It was a useful first step on the path to
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working with protein reconstitution and for forging links between physics and
biochemistry.

The second method indicated that the successful incorporation of Cybo3, into a cationic
lipid vesicles (25% DOTAP), had taken place. The subsequent incubation of these
proteoliposomes onto glass produced a bilayer with a good diffusion coefficient of 1.1 pm*®
s™'. The resultant bilayer was successfully imaged using AFM which demonstrated
reasonable evidence of the presence of proteins. The same mixture was also incubated
onto a PCysMA brush, again showing a diffusing bilayer. This work was delayed at this stage
as no Cyt bcl (the component of the Rh. Sphaeroides required for the project), had not
been successfully purified ready for use at that point.

The final method involved the use of BDDM detergent to create lipid bilayers onto PCysMA
and then adding an LH protein, reconstituted in BDDM. This method of producing bilayers,
using detergent ‘depletion’ on glass and on the PCysMA brush worked very well, showing
homogenous bilayers with good diffusion coefficients on both surfaces. The incorporation
of a C10H vesicle (which contains gold-tagged Cytbcl and other light harvesting
components of the Rh. Sphaeroides) into a bilayer on glass by this method was also
successful. This was confirmed by good FRAP diffusion coefficients. First attempts to also
confirm this by TIRF and the use of dark field images were made. The TIRF confirmed good
diffusion rates and the dark field images suggested, though didn’t confirm, that these gold
tagged vesicles were present on the surface. This detergent depletion method was then
used to incorporate C10H vesicles into a bilayer onto a PCysMA polymer brush, which also
showed a good homogenous diffusing bilayer of 1.4 um?s™. The mobile fractions, however,
were slightly (10%) below expectation and work is required to investigate this. The
successful sample was imaged using high resolution AFM. The images did strongly suggest
that the C10H light harvesting components were present on the polymer brush.
Unfortunately a fluid bilayer on PCysMA was not confirmed by the AFM scans and the
sample appeared to have dried out during the weeks of delay before AFM scanning (due to
instrument modifications).

This work shows a potentially a good, facile and interesting method to incorporate a
protein containing bilayer onto the PCysMA brush, which, given more time can be

developed successfully.
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7. Results 3. Testing of bilayer formation on cationic brushes

7.1. Introduction

The testing of the brushes presented in this chapter took place before the successful results
shown in chapter 5. At that early stage in the experimental work, despite being informed
by an extensive literature survey there were few indicators as to which formulations of
brush would best support lipid bilayers. Consequently, the choice of these polymers was
not a scientific one and the polymers tested were ones which the Sheffield polymer group
had expertise in preparing, or had an interest in producing for other applications.

This range of cationic polymer brushes were grown by Si-ATRP and characterized by the
Nan Cheng and Abdullah Alswieleh (from the Sheffield polymer groups) before being
presented here for bilayer testing. The positively charged character of the brushes was the
result of selecting monomers with an amine group attached to the monomer chain in a
number of configurations. The brushes were a mixture of secondary, tertiary and
quaternary amines and this conferred a pH response to some, but not to others.

The chemical formulae and schematics of the brush structures are shown in Table 7.2, and

more detail on them is presented below in section 7.3:

a) 2-(tert-butylamino)ethylmethacrylate (PTBAEMA) with cross-linking throughout the
chain
b) 2-(tert-butylamino)ethylmethacrylate (PTBAEMA), with cross-linking at the top of

the brush only

c) poly (N.N (dimethylamino)ethylmethacrylate) (PDMAEMA)

d) poly(2-(methacryloyloxy)ethyltrimethylammonium chloride) PMETAC, which is the
C1 quaternised version of PDMAEMA, quaternised throughout the chains

e) poly(2-(methacryloyloxy)ethyltrimethylammonium chloride) PMETAC, as in d), but
C1 quaternised at the top only

f) poly (N.N (dimethylamino)ethylmethacrylate) (QPDMAEMA), which has been
quaternised with C12 throughout the brush

g) poly (N.N (dimethylamino)ethylmethacrylate) (QPDMAEMA), which has been
quaternised with C12 at the top of the brush only

h) poly (N.N (dimethylamino)ethylmethacrylate) (QPDMAEMA), which has been

guaternised with C18 chains at the top of the brush only
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PTBAEMA (2° PTBAEMA (2° PDMAEMA (2° PMETAC C1 PMETAC C1 QPDMAEMA QPDMAEMA QPDMAEMA
amine, with amine, with amine) Quaternary Quaternary C12 C12 C18
tertiary butyl) tertiary butyl) amine groups amine on end of | Quaternary Quaternary Quaternary
cross-linked in cross-linked in (c) throughout the | chain only amine chain amine with C12 | amine with
THF, a good hexane, a poor brush (e) throughout at chain end C18 at chain
solvent solvent (d) brush only end (h)
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Table 7.1: Brief description of cationic polymers with a cartoon of the brush structures and chemical formulae of polymer.
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These represent just some of the polymer brushes tested and a further list is included in
Appendix 2. It is appreciated that, ideally, a systematic testing regime should have been
followed for all the brush variants. A compromise had to be reached because of the
impracticality of asking for a huge range of samples to be prepared which were of
consistently good quality.

Presented first is a brief summary of the preparation methods for the polymer brushes, for
which full method details are given in chapter 4. All the methods require the deposition of
a SAM surface initiator step and the polymerization steps follow a similar route to those in
Chapter 5. A description of the characterisation of each of the brushes follows this methods
summary. The preparation and characterisation were done (in Sheffield) by Nan Cheng and
Abdullah Alswieleh, supplemented by information from the literature.

Details of the lipid formulations, incubation methods and buffer conditions, followed by
zeta potential characterization of the vesicles are presented next. The testing of bilayer
formation using lipid vesicles on each of the brushes are shown, using FRAP as the primary
analysis tool. Where a lipid layer was observed, images are presented, immediately after
bleaching and 10 min later, after fluorescence recovery, along with the diffusion rates and
mobile fractions where they could be calculated. AFM analysis was also used. Finally, these
results are discussed in conjunction with characterization data and information on the

brushes and vesicles from the literature.

7.2. Lipids used for incubation

7.2.1. Formulation and incubation of lipid vesicles

The lipid vesicles used for zeta potential measurements were prepared from POPC, with
the addition of an anionic lipid, DOPG. The lipids were dissolved in 50:50 chloroform :
methanol and mixed into mol % aliquots of 100% POPC, 25% DOPG:POPC, 50%
DOPG:POPC and 75% DOPG:POPC, 90% DOPG:POPC then dried. The vesicles used for
bilayer formation on the polymer brushes included 0.5 mol % of Texas Red- DHPE
(negatively charged) fluorophore. After evaporating the solvent the lipids were rehydrated
using different media: (a) MilliQ water (pH ~5.5 %) (b) 10 mM phosphate (salt free) buffer at
pH 7 (c) PBS buffer, containing 140 mM NaCl at pH 7. Following rehydration the
multilamellar vesicles were tip sonicated to produce small unilamellar vesicles.

For bilayer formation, the polymer brush samples, grown on 18 mm round glass coverslips,
were sealed in a flow cell and soaked in the same buffer used to rehydrate the vesicles.

After 15 minutes of soaking, the vesicle suspensions were injected into the flow cell.
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Incubation of the vesicles took place at room temperature, as all the lipids were in the
liquid state, having very low (~0 °C) transition temperatures. The incubations took place in
the dark to prevent bleaching of the fluorophore. An initial incubation period of 2 h was
followed by rinsing with the same media used for rehydrating the vesicles. This was
followed by a further period of 48 h incubation and final rinsing. FRAP images and analyses

were taken after each period of incubation.

7.2.2. Zeta potential of vesicles

7.2.2.1. Method

The size and zeta potentials of the vesicles were measured by DLS using a Zetasizer Nano.
The measurements took place in a folded capillary cell so that both size and zeta
measurements could be made without needing to change the sample or cell. The vesicles,
at a chosen concentration of 0.25 mg/mL, were measured in the same buffer used for the
incubation on the polymer brushes, where possible. Details of the method are presented in
the methods chapter 4 which shows that at least three measurement runs were made for
each size and zeta potential reading, where each run incorporated a number of sub-
readings (from 10 to 100) specified by the software, in order to obtain a statistically reliable

result.

7.2.2.2. Results

The graph in Figure 7.1 shows the size and zeta potential readings for a range of mol % of
tip sonicated DOPG:POPC vesicles in MilliQ water measured at 25 °C. The vesicles diameter,
measured with a mol ratio of 10% DOPG:POPC, was 24.6 + 0.4 mV, which reduced to 17.5
3 mV for a ratio of 80 % DOPG. It can also be seen from the graph that as the mol % of
DOPG in the vesicles increases, the zeta potential becomes increasingly negative. The zeta
potential of POPC vesicles was previously shown (in Chapter 5) to be zero mV with an error
of £ 5 mV. The measured zeta potential of vesicles with 10 % DOPG:POPC was -16.4 + 1.4
mV. Increasing the DOPG ratio to 35 mol % the zeta potential increases to -41.2 £+ 1.2 mV
and when increasing the DOPG content to 80 mol % the zeta potential increases to -73.1 +

1.4 mV. DOPG has a pKa of 3 and is negatively charged between pH 5 and pH 7.2
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Figure 7.1: DLS study on a range of DOPG:POPC tip sonicated lipid vesicles, in MilliQ. Plots
show size (black plot) and zeta potential (blue plot) changes with increasing mol % of
DOPG.

7.3. Bilayer formation on cationic polymer brushes

7.3.1. Introduction

Table 7.2 shows the structures of the eight cationic (amine based) polymer brushes tested
for bilayer formation and it is helpful to refer to the structures within this table for
clarification of the similarities and subtle differences between them, the effects of which
are discussed below. It was proposed that these subtle changes to the structure of the
functional amine groups may allow tuning of the positively charged groups present as well
as varying the hydrophilicity/hydrophobicity and influencing the response of the brushes to
their buffer environment. For the three variants which incorporated long alkyl chains, these

were expected to insert into the hydrophobic core of the bilayer membrane.

7.3.2. 2-(tert-butylamino)ethyl methacrylate PTBAEMA, “fully” and “top” cross-linked
7.3.2.1. Preparation and characterisation
This section refers to the first two brushes in Table 7.1 (a) and (b) the “fully” and “top” (or

“surface”) cross-linked variants of PTBAEMA.
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Figure 7.2: (a) PTBAEMA crosslinking in THF and hexane. (b) Ellipsometric thickness of the
PTBAEMA brush. (m)= linear brush (¢)= surface x linked, , (®)= x-linked throughout. The
dry length was 16 nm, measure by ellipsometry. Provided by A.Alswieleh 3

Following the surface initialisation steps to prepare the glass substrate for polymerisation
(as explained in Chapter 5) the next stage of the ATRP synthesis involved reacting the
monomer TBAEMA with a catalyst of Cu(l)Br/Cu(ll)Br,/TPMA in an inert atmosphere. The
reaction was allowed to continue for 60 min to achieve brush of 8 nm dry length, measured
by ellipsometry.?

The grafting density was varied by selecting specific ratios of the catalyst components and a

specific thickness of brush was achieved by selecting the polymerisation time (a time v
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brush thickness study took place to establish this). The brushes were cross-linked, Figure
7.2 (a), via the secondary amine group, in two ways, using tolylene-2,4-diisocyanate-
terminated poly(propylene glycol) (PPG-TGI), in either THF (a good solvent) or n-hexane (a
poor soIvent).4

As shown in Figure 7.2 (b), the linear form of a PTBAEMA brush (dry thickness 16 nm) is
weakly basic and the secondary amine is readily protonated in acidic conditions at pH < 6
creating repulsion between the chains and stretching them from the surface.’ Over a
narrow pH range, at around pH 7.7 (and above) the chains become deprotonated and
collapse. It is important that the testing of bilayer formation is attempted at a pH value
above and below that at which the brush collapses to ascertain whether this state affects
bilayer formation. It is preferable, and much more valuable, if the brush is extended and
not collapsed when the bilayer is formed as this is the configuration which best supports
the incorporation of a transmembrane proteins. The brushes prepared in THF were cross-
linked throughout and become less swollen at low pH than the hexane brushes which were
cross-linked at the top only. A swelling factor of 3.3 was observed for the linear brushes,
measured in solution conditions from high to low pH with the cross-linked brushes showing
a lower (2.5) swelling factor. Cross-linking was expected to provide more robust surface
layers with a minimal effect on the stimulus responsive behaviour.® 7 In these cases, the
excluded volume contribution to the osmotic pressure on the chains was reduced i.e. the
individual chains occupied a more confined area than when in linear form, giving a denser
configuration to the brush. *° '

As measured by AFM in solution, the variant with cross-linking throughout the chain had an
rms roughness of 0.4 £ 0.2 nm, and the surface-cross-linked brush had a higher rms surface
roughness of 0.6 + 0.2 nm. The contact angles were similar and fairly hydrophilic at 60°, for
the fully cross-linked, and 65° for the top cross-linked.*

As can be seen in Figure 7.3 * the surface zeta potential of the linear brush is +35 + 3 mV at
pH 5 For the fully cross-linked brush this is slightly higher +40 + 5 mV when the brush was
cross-linked ‘throughout’ and reduces to +20 £ 5 mV when cross-linked at the top of the
brush. This provides an opportunity to compare the lipid bilayer formation on chemically
similar brushes, which have slightly different surface zeta potentials. The surface zeta
potentials at pH 10 were -45 + 5 mV (cross- linked throughout) and -18 + 30 mV for the

surface cross-linked, though this second error is too large to be reliable.
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Figure 7.3: PTBAEMA (am) linear brush, (be) x-linked throughout and (c¢) surface x linked.
Provided by A.Alswieleh. *

The results for Figure 7.3 (b) and (c) are interesting as the top cross-linked polymer may
have been expected to have a stronger positive surface zeta potential than the brush which
is cross-linked throughout (Figure 7.3 (b), as the former retains some positive charges lower
in the chain (i.e. ones which are not cross-linked). The isoelectric point was measured at pH
9, which is higher than the point at which the brush collapses when measuring the
(ellipsometric) thickness in Figure 7.2.

To summarise, PTBAEMA is formed from a secondary amine monomer. This forms a weakly
basic brush which exhibits a limited pH response and is fully extended at pH 6.5 and
collapses above this value, becoming fully collapsed by pH 8. There are two variants, one
fully cross-linked and one top (or surface) cross-linked. The fully cross-linked variant does
not swell as readily in response to low pH as the top-cross-linked and the linear brush. All
have low surface roughness, when measured by AFM. The two brush variants have highly
positive zeta potentials of +40 and +20 mV, respectively at pH 5. At pH 10 these had
reduced to -45 and -18 mV respectively. The zeta potential of the 50% DOPG vesicles was

highly negative at -50 mV (Figure 7.1).
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7.3.2.2. Lipid bilayer formation results and discussion

The cross-linked PTBAEMA brushes (fully and top cross-linked) were tested first with
zwitterionic POPC lipid and then with an anionic charged lipid composed of 50% DOPG. The
incubations took place in MilliQ water (at pH ~5) and in PBS (containing 140 mM NaCl) at
pH 7 and pH 10. The incubation with POPC indicated some adsorption of lipids, but showed
a surface with many defects (Figure 7.4 (a) & (b)). The adsorbed lipid layer did bleach, but
there was no fluidity of the lipids and no recovery. When a higher, 50 mol %, of charged
lipid DOPG (in MilliQ, at pH 5) was used the adsorption of a lipid layer was seen (Figure 7.4
(c) & (d)). Small dark patches of defects were also observed with this sample under the
fluorescence microscope with a 40x objective.

There were no significant differences between the FRAP results of the two cross-linked
variants when incubated with 50% DOPG vesicles in MilliQ. A diffusion coefficient for this
system was calculated to be 0.01 um2 s’ however, the mobile fraction could not be

calculated as the recovery intensity exceeded 100% as shown in Figure 7.5 and as discussed

in Chapter 5.

Figure 7.4: PTBAEMA, fully cross-linked incubated with (a) & (b) POPC and (c) & (d) 50%
DOPG vesicles. Images at bleaching (a) & (c) showing a well-defined bleached spot and (b)
& (d) after 10 minutes FRAP recovery. In the case of (d), with 50% DOPG, a very slow
recovery of the bleached spot can be seen. Scale bar of 60 um applies to all images.
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Figure 7.5: Diffusion coefficient graph for the result of incubating 50% DOPG on the
PTBAEMA (fully cross-linked) brush in MilliQ.

When incubating the same 50% DOPG lipids in PBS (140 mM NaCl and pH 7) no lipids were
adsorbed, though only one sample was available for testing under these conditions. It was
observed that when the pH was elevated to 10 the lipids were removed from the surface,
which may be the result of electrostatic repulsion between the brush surface and the
negatively charged lipids. At this pH point the brush was in its collapsed state and had

become negatively charged.

7.3.3. poly[2-(dimethyl amino)ethyl methacrylate] PDMAEMA

7.3.3.1. Preparation and characterisation

This polymer brush has been studied and characterised in the literature for use in medical
applications,'' > * " but not reported as supporting a lipid bilayer. PDMAEMA is a
secondary amine and weak polyelectrolyte (polybase) brush (Table 7.1(c)) which when
grafted to a surface by Si-ATRP will respond to pH and temperature.” The brush was
prepared by creating an APTES-BIBB initiator layer and the Si-ATRP was completed using a
DMAEMA monomer and CuBr/CuBr,/HMTETA (1,1,4,7,10,10-
hexamethyltriethylenetramine) as the catalyst. ** The grafting density of the brush was
controlled by varying the molar ratio of the initiator; however, in this case the initiation
efficiency is not linearly dependent and at a higher chain density the local reaction rates

17 18

are affected by concentration of the reagents within the grafted chains. Fielding et al.
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suggested that to be fully pH responsive the polymer should not be grown to its maximum

grafting density.'®
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Figure 7.6: (a) Variation of surface zeta potential of PDMAEMA with pH.

The pH characteristics using ellipsometry of a 5-13 nm brush were investigated by Rauch et
al.”? and also by Sanjuan et al. *® found to be only fully swollen below pH 3 when the amine
is protonated and fully collapsed at pH 11, when there is no protonation. A plot of the
change in surface zeta potential of the PDMAEMA with pH is shown in

Figure 7.6. At pH 5 and below the surface zeta potential is +20 mV. Above pH 6 it reduces
to a negative value falling to -25 mV at pH 9. This result has been confirmed
independently.”®

In summary, PDMAEMA is a pH responsive secondary amine brush. The surface zeta
potential of the PDMAEMA brush is positive at +15 mV at pH 5 and below and becomes

negative above that pH value and is only fully extended at low pH.

7.3.3.2. Results and discussion

It was tested here as the ‘linear’ form of the brush (the quaternised variants are presented
in the next section). The testing conditions included using POPC only, and 50 % DOPG:POPC
in MilliQ without the addition of NaCl. The results for the surface zeta potential
measurements are shown in

Figure 7.6, to indicate that above pH 6 the charge changes from positive to negative as was

observed for the PTBAEMA brush above. This could be the result of the brush collapsing
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close to the glass, where the residual negative charge may influence the measurement as
discussed in Chapter 5. There may also be a residual charge remaining following the
deposition of the BIBB-APTES initiator onto the glass, though at pH 7 this SAM surface was
not observed to be significantly negative (Figure 5.5). The experiments performed here
were made on thin (7 nm) brushes so that direct comparison may be made to the brushes
presented in Chapter 5. The fall in zeta potential to a negative value could be a result of
adsorbed CI" counterions from the tracer, KCl used to make the surface zeta potential
measurements, which may have in some way been incorporated into the amine brush. The
increasingly negative surface zeta potential results are clear, but the reasons for them are
less so.

PDMAEMA is both pH and temperature responsive and the swelling ratio of the brush is
different at pH 3 to pH 7 (and above). At pH 3 the counterions associated with the
protonated (positively charged) segments dominate the contribution to the osmotic
pressure and at this pH and below they are fully extended, but collapse at higher pH.
PDMAEMA also exhibits a temperature induced collapse whereby as the temperature
increases dehydration of the monomers is favoured and water-monomer hydrogen bonds
are replaced by monomer-monomer hydrogen bonds.** At pH 10 and above 40 °C the brush
undergoes partial collapse and a two phase brush develops, as presented by Edmondson et
al. > Sanjuan’s '® data further suggested that that there is a linear fall in charge of the brush
as the pH increased. Using the brushes in this collapsed state is not helpful for its intended
purpose, so the temperature was maintained at room temperature during incubation. It is
clearly advantageous to perform the vesicle incubations at room temperature and pH 5 or

below, in order that the chain is charged and extended.

The result of incubating PDMAEMA with 50% DOPG at pH 5, is shown below in Figure 7.7.
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Figure 7.7: PDMAEMA incubated with 50% DOPG:POPC at pH 5. Image at bleaching (left)
and after 10 min FRAP recovery (right). Scale bar 60 um.
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Figure 7.8: FRAP diffusion coefficient for PDMAEMA incubated with 50% DOPG:POPC.

It can be seen from the FRAP images in Figure 7.7 that a lipid layer has adsorbed, it appears
fairly homogenous, but with some vesicles attached. The second image after 10 min shows
that there is some diffusion but the recovery rate was very low.

Figure 7.8 shows the diffusion coefficient plot by which the rate was calculated to be 0.05 +
0.01 um? s with a mobile fraction of 62%. The very slow diffusion suggests that there was
possibly no fusion of the vesicles to form a bilayer and the mobile fraction confirmed that
there was a (40%) fraction of the adsorbed lipids or vesicles which were immobile. The

failure of the vesicles to fuse could be the result of inter-vesicle repulsion.

7.3.4. PMETAC poly[2-(methacryloyloxy)ethyl trimethylammonium chloride] (C1
quaternised PDMAEMA) and C12 and C18 quaternised PDMAEMA

7.3.4.1. Preparation and characterisation of quaternised brushes

The basic tertiary amine was quaternised using a good solvent for the brush (THF) or a poor
solvent (hexane).’ This generated a brush which was C1 (methyl) quaternised throughout
(Table 1 (d) or quaternised at the top only (Table 1 (e)). The hydrated mean thickness was
measured by ellipsometry to be 17 nm when hydrated (7 nm dry), with a contact angle of

12 + 3° (Table 1 (d) and (e)). The AFM measured surface rms roughness was < 0.3 nm.
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Figure 7.9: Zeta potential of PMETAC showing its surface zeta potential of +30 mV
(without NaCl added to the buffer) and its response in buffer solutions with increasing
concentrations of NaCl (black circles) from 10 mM to 200 mM. (The published narrative
records these concentrations as 0.2 M etc., though the graph legend records 0.2 mM).
From reference 25

These fully quaternised chains formed strong PELs, which have permanent positive charges,
so changing the buffer pH does not affect the brush charge or height. This characteristics
are clearly different from its linear equivalent, PDMAEMA, above, which did respond to
changing the pH of the buffer.?

Figure 7.9, taken from the work of Irigoyen et al., indicates that the zeta potential of the
PMETAC brush, in a buffer with no added salt (NaCl), is about +30 mV, reducing to +20 mV
at 200 mM NacCl, showing only a slight reduction in zeta potential with increasing NaCl.

In addition to the above “C1” chain variant, PMETAC, the PDMAEMA polymer brush was
also quaternised with longer chains, to create QDMAEMA with C12 throughout the chain
(Table 1 (e), and at the brush top only (Table 1 (g)). Finally PDMAEMA was quaternised with
a C18 chain at the top (Table 1 (h)). The basic reactions for this process are shown in Figure

7.10.
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Figure 7.10: Quaternisation of PDMAEMA brushes, with (a) C1, (b) C12 and (c) C18
chains.”

In summary, this PMETAC (which is a C1 quaternised PDMAEMA) and the variants of
PDMAEMA which have longer chains of C12 and C18 (QPDMAEMA) brushes do not respond
to changes in pH, so will have “permanent” positive charges along the chains and will be
fully extended in solution at pH 7. The PMETAC variant has a positive surface zeta potential

of +30 mV in (low NaCl) buffer.

7.3.4.2. Results and discussion for PMETAC-C1 (full and top quaternised): FRAP

I, % there is an approximately three-fold increase in brush thickness

According to Huck et a
when immersed in water and the surface was effectively hydrophilic with a contact angle of
35°,% which was slightly higher than our measurements of ~15°. They stated that these
brushes have permanent positive charges along the chains, which will repel each other. The
conformation of the chains is influenced by changing the osmotic pressure by adding
counterions in solution, as shown in Figure 7.9. Huck also suggested that the PMETAC (and
the QPDMAEMA brushes shown below) contain CI” counterions which are hydrated and do
not interact strongly with the quaternised amine. By immersing the brush in water the CI’
counterions dissociate from the chains and allow electrostatic repulsions between the
cationic charges on adjacent chains to swell the brush.

The first two of the five samples of quaternised PDMAEMA, called PMETAC-C1 (which was
quaternised throughout the chain, or at the top only) were incubated with lipids to test its
ability to support lipid bilayers. They were tested in MilliQ at ~pH 5 using lipid vesicles
containing 0, 25%, 50%, 70% and 90% of DOPG in POPC. Figure 7.11 shows the results
obtained for incubating these vesicles on the brush.

The results show that some lipid was adsorbed when incubating with POPC only
(zwitterionic lipid), but the result was poor quality and there was no indication of diffusion

of these lipids on the brush. When using 25% DOPG, more lipid was adsorbed, (as would be
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expected when introducing a negatively charged lipid into the vesicles) but, again, the
surface was not homogeneous. The bleached spot after 10 min indicated limited recovery.
Slightly better results were obtained when using higher ratios of charged lipid i.e. 50%, 75%
and 90%. However, the surface lipid layer was not homogeneous and the recovery rate was

very slow, as indicated by the incomplete recovery of the bleached spot after 10 min.

25% DOPG

50% DOPG

75% DOPG

Figure 7.11: Five samples of PMETAC-C1 (fully quaternised) incubated as indicated on the
image with 0, 25%, 50%, 75% and 90% DOPG:POPC vesicles. The image on the left was
taken immediately after bleaching and on the right after 10 minutes recovery. Scale bars
60 pm.
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In addition to the previous five examples, a further sample of PMETAC-C1 was incubated
with 50% DOPG:POPC, prepared in PBS buffer (containing 140 mM NaCl at pH 7) to
ascertain whether the addition of salt and a change of pH would improve the bilayer
quality. The FRAP images at bleaching and after 10 minutes can be seen in Figure 7.12,
which show a non-homogenous lipid layer with many defects, seen as dark dots on the

image. There was very slow recovery of the bleached spot, very similar to those seen in

Figure 7.11.
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Figure 7.12: FRAP images at bleaching at after 10 min on PMETAC (C1 quaternised
throughout the chain). Comparative diffusion curves for bilayers on glass (D = 1.4 um?*s™)
with POPC (e) and for the PMETAC surface (m) using 50% DOPG lipids in PBS buffer at pH
7 (D =0.13 pm’ s and a mobile fraction of 59% ). Scale bar 60 pm.

The diffusion coefficient and mobile fraction were found using FRAP and are 0.13 pm?*s™
and 59% respectively and is also shown in Figure 7.12 (black plot). A slight improvement on
the previous result, but still not high enough values to be considered a homogenous

recovering bilayer. In this case the surface zeta potential was +30 mV and the zeta potential
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of the 50 % DOPG vesicle was -60 mV, creating a strong interaction potential. The slow
diffusion rate could indicate that the lipids, whilst adsorbing on the surface as a result of
the strong electrostatic attraction, could be pinned to the surface as unfused vesicles. This
diffusion coefficient is more than a factor of 10 slower than the rate for a bilayer formed
from the “standard” POPC vesicles on glass (Figure 7.12, red plot) and the fraction of
mobile lipid is much lower than the 95% expected from this “standard”. To ascertain
whether vesicles or a slowly diffusing lipid bilayer has been adsorbed AFM scans and a

breakthrough force curve were performed.

7.3.4.3. Introduction and method for PMETAC-C1: AFM

Following the method described fully in chapter 4 an AFM scan was made of the surface of
the supported lipid layer on the C1 quaternised PMETAC polymer (Table 1 (d)), in its
hydrated form in buffer. The FRAP image showed a slowly recovering bleached spot. The
AFM images and a height measurement, made across an etched area were used to

determine whether a vesicular layer or a bilayer was present.

7.3.4.4. Results and discussion: PMETAC-C1: AFM

Figure 7.13 shows an AFM scan of the surface of the lipid deposited on the PMETAC-C1
brush. The surface had many elevated features of 10 nm high with a surface (rms)
roughness measured at 17 nm. This surface is more characteristic of adsorbed vesicles
rather than a smooth bilayer.

The AFM images, shown in Figure 7.14 show the height measurements taken across an
etched area on the sample. This was made by applying a force to the tip to remove the
deposited brush and lipid from the glass substrate. The height profile (Figure 7.14 (a)) was
measured to be 44 nm. This represents the combined height of the surface deposition, i.e.
the initiator, polymer and lipid layer together. The initiator plus polymer had a dry length of
~7 nm, which could be expected to swell up to 17 nm in liquid. A bilayer would be 4 to 5
nm thick, giving a total of ~22 nm if a bilayer was present. If vesicles were present, rather
than a bilayer, they would measure up to 25 nm in height (the diameter measured by DLS),
depending on their degree of flattening onto the polymer brush. This second case is closer
to the 44 nm measured, strongly suggestion that a bilayer was not formed and that vesicles
were present on the brush surface. It was assumed that the scratched area was exposing
glass and thus gave a realistic measurement of the total height of the initiator, brush and

lipid layer.
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Force Calibration Plot

Figure 7.14: Measurements of the lipid/vesicle layer on a PMETAC (C1 quaternised) brush
indicating the area size of the scan (a) and its height profile and (b) the force curve
showing multiple breakthrough points (white arrows).

The third image shown in Figure 7.14 (b) shows a breakthrough force measurement taken
by applying sufficient force to the tip to push it through the deposited lipid layers. When
this method was applied to a bilayer on glass the force (y axis) correlated with a distance of
~5 nm (x axis) which confirmed the thickness of the deposited layer. However, it was more
difficult to make this measurement on a soft polymer brush as this does not provide the
same resistance that the glass surface does. In the above measurement (Figure 7.14) there
were two breakthrough points, highlighted by the white arrows. These were indicative of
the tip feeling resistance from two bilayers, as would be measured when vesicles were
present (as the tip breaks through both sides of the vesicle).

In summary, the evidence presented by the very slowly recovering FRAP images and the
AFM scan image and height measurements, confirms that a layer of intact vesicles is

deposited on this polymer, rather than a lipid bilayer.
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7.3.4.5. Results and discussion for PDMAEMA quaternised with C12 and C18

In the above example a C1 methyl group was used to quaternise throughout the brush and
the samples showed contact angles of ~15° whereas when using the longer C12 acyl chains,
the brushes were less hydrophilic with CAs of between 54 and 61°, as might be expected
with the introduction of longer acyl chains. However, there appeared to be no relationship
between the contact angle and the result of depositing lipid vesicles onto the brush

sample.

Figure 7.15: FRAP images at time 0 and after 10 min recovery time for PDMAEMA with
C12 (top) and C18 (below) chains attached. Scale bar 60 um applies to all images.

It was expected that the longer chains (C12, see Table 7.2(f) and (g) and C18, (h)) would
insert into the hydrophobic core of the bilayer and aid fusion of the lipid bilayer as was
demonstrated by Han et al. ** when using cholesterol tethers. The results of incubating 50%
DOPG lipids, shown in Figure 7.15, showed inhomogeneous surfaces with no vesicle fusion
or bilayer formation taking place. The result for the C18 chain showed almost no diffusion

of the lipid layer.

7.5. Summary and discussion of work on cationic brushes

A summary of the results is presented below, in Table 7.2. A range of amine brushes of
differing configurations and pH responses were incubated with zwitterionic and anionic
lipid vesicles. All the brushes shown have adsorbed the charged vesicles to a similar degree,

giving full coverage of the surface with a lipid layer in most cases. None of the samples



223

shows a homogenous lipid layer, as would be expected for a fluid bilayer, and all show
evidence of defects. The results shown in Table 7.2 are those produced from incubating
with 50% DOPG in all cases, for comparison. They all exhibited slow diffusion which is
indicated by the FRAP images taken after 10 minutes recovery time which showed
incomplete recovery. The calculated coefficients were less than 0.1 um?s™in all cases, very
much lower than expected for a fluid lipid bilayer.

PTBAEMA brushes have a positive surface zeta potential in excess of +20 mV at low pH
when the amine is protonated. Vesicle incubation at pH 5, when the surface was more
highly charged, was required for vesicles to be attracted to the surface. A pH 7, with a
reduction of the surface charge of the brushes there was less interaction with the charged
lipids. The collapse of the chain took place over such a narrow (1 unit) pH range, that fine
tuning of length by using changes in pH was not practical. Creating a cross-linked PTBAEMA
brush, in an attempt to present a smoother surface for lipids to fuse onto, did not appear
to affect the outcome when incubating vesicles. The addition of NaCl to the buffer also
reduced the effective charge on the brush and vesicle surfaces, reducing the attraction
between the two, but did not support the formation of a fluid bilayer.

Attempts were made to tune the PMETAC brushes interactions with the vesicles by varying
the ratio of anionic lipid in the vesicles. A balance was needed that was sufficient to attract
vesicles to the surface, but not too strong so as to immobilise vesicles or create high inter-
vesicle repulsion, which would prevent their fusion. The results (Figure 7.11) show that,
though there were slight variations between results, none produce a fluid bilayer. The FRAP
results, suggested the presence of vesicles on the surface, was confirmed by AFM (Figure
7.13 and Figure 7.14).

The addition of C12 and C18 chains to create the QPDMAEMA polymer brush with the aim
of promoting rupture by inserting the acyl chains into the lipid vesicle did not actually
facilitate vesicle rupture in the expected manner.

The contact angle of the brush did not appear to be a factor in the end result, though it is
logical that it may correlate with the surface charge. During vesicle incubation there was no
indication as to whether a moderately (CA >40°) or highly (CA < 40°) hydrophilic surface
was more likely to form a bilayer, when incubated with the vesicles.

Referring to work from the literature on the interactions between cationic polymers and
lipids, Fischlechner et al. presented some interesting findings. They tested a system of PEL
multilayers, using a primary amine and a quaternary amine as the uppermost polymer

layer. ' Changes in the FTIR spectra were used to assess how the spectra of the polymer
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changed when reacting with lipids. These changes suggested two things: one, that there
was a strong interaction between the lipid carboxyl and the primary amine group and two,
that the lipid carbonyl oxygen may have been partially dehydrated. In the former case they
found that the amine formed a hydrogen bond with the carboxyl, replacing the bound
water. The data further suggest that there were two points of attachment between the
negatively charged lipid and the amine of the polymer, namely the carboxyl and the
phosphate. With POPC, binding only took place between the phosphate group and the
polymer amine group. In both cases there was local dehydration of these functional groups,
which was confirmed by shifts in the IR spectra. There was also the possibility of the POPC
phosphate groups binding electrostatically (at long range) and through hydrogen bonding
(at short range) with the primary amine groups. These binding effects would slow any
diffusion of the lipids or intact vesicles on the surface.

Two further considerations may explain what is happening within these systems. One is
that the very slow diffusion, rather than being the result of slowly moving vesicles on the
brush surface, could be the result of vesicles diffusing, intact within the polymer strands.
Wang et al., ** described the interaction of cationic conjugated polyelectrolytes with
negatively charged (DPPG) lipid membranes. In this case they were specifically looking for
antimicrobials to perturb the membrane and they found that the cationic polymer strands,
with a hydrophobic backbone, did insert into the membranes, suggesting that the polymer
strands could intersperse with the lipids. Further analysis, using FCS, would be helpful to
evaluate this.

In conclusion, a range of variants of cationic brushes, which were either secondary, tertiary,
quaternised amines, linear or modified with carbon chains or cross-linked have been
tested. There was no obvious candidate for supporting a freely diffusing lipid bilayer. The
positive charges on the brushes were utilised to create an electrostatic interaction to the
anionic lipid vesicles which had supported the adhesion of vesicles onto the surface. The
testing showed that whilst lipids or vesicles could be deposited onto them, fluid recovering
bilayers were not observed. The correct balance of charge between surface and vesicles
was clearly not achieved in order that the vesicles may fuse. The objective of being able to
incorporate functioning, freely diffusing transmembrane proteins into the bilayer would
therefore not be possible with these systems at this stage.

This work, whilst not achieving its planned aim has added to the knowledge of electrostatic
interactions between charged surfaces and vesicles. The cationic polymers (and pH

responsive ones in particular) are extensively used in medical applications as gene delivery
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1114 3nd their interactions with the cell membrane are also utilised in antibacterial

vectors
coatings. * Furthermore the opportunity to adsorb intact vesicles onto the brushes could
be exploited by incorporating protein into the vesicles and studying the proteins within the
proteoliposomes, in a similar way to the work done by the Jeuken group.* *

The work on a variant of the PDMAEMA polymer was continued by other members of the
collaboration who reduced the brush cross-linking to a, much lower, 10% than was tested
above, and renamed it PDMA. When using a lower (10%) ratio of DOPG:POPC lipids and
heating to 50°C for an extended period of time at pH 8, a lipid bilayer did form with good

diffusion rates.
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Table 7.2: Cationic ‘amine’ polymer brush variants incubated with lipid vesicles of 50 % DOPG:POPC in 10 mM phosphate buffer (with no NaCl).
From the top is a schematic of the brush with the contact angle, chemical structures of the monomer and attached chain. Below these are the

FRAP images at time zero, immediately after bleaching and at 10 minutes after recovery. All the brushes are of 6 to 10 nm, dry length. Scale bar
60 um applies to all images.
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8. Summary, conclusions and future work

8.1 Summary

Many areas of science and medicine utilise the supported lipid bilayer as a useful tool for studying
the structure and function of cell membranes and the proteins incorporated in them. Biomimetic
lipid bilayers have been in use for over 30 years, supported by planar silicon, gold or other
substrates. Microscopy, including FRAP, TIRF and dark field have proved useful tools to study the
activity and mobility of these membranes in a hydrated environment. Electrical conductance studies
also utilise the lipid vesicle and planar bilayer for studying the activity of proton pumps and charge
movement. Developing from this, the use of polymeric supports for lipid bilayers has proven
invaluable. They provide a more natural environment than planar glass for functional studies of
incorporated proteins. The use of polymers in a range of chemical structures is also important to
create vehicles in which to deliver drugs and genetic interventions, such as DNA fragments. The

importance of this area of science, therefore, is developing rapidly.

The work presented here was part of a collaboration project and as such there were specific
expectations, demands and challenges for what should be achieved. The overarching project can be
summarised as “controlling molecules at low dimensions” by extracting and placing the components
of the light harvesting bacterium, Rh. Sphaeroides in confined locations. The ultimate aim of this was
to recreate the functioning photosystem “on-chip”. The confined locations were to be created by
the use of polymers which would be patterned to create corrals or would be used to tether
individual proteins to the polymer strands. The contribution of this project was to create a
biomimetic lipid membrane environment in the form of a polymer supported bilayer. This was to be
developed further by depositing a protein incorporated lipid bilayer on a polymer brush, or by
surrounding tethered proteins with a lipid bilayer. It was proposed that the proteins would then be
maintained in their natural state and their functionality, both individually and in concert, could be
examined. The polymer chemists of the group were tasked with creating the brushes to be used as

the substrates on which to test bilayer formation.

From the outset, there were many challenges to resolve with the polymer brushes, most
importantly to choose suitable monomers of controllable architecture. It was important to select the
monomers with care to ensure the electrostatic charge could be controlled as well as the brush

length and response to pH and temperature. The brushes also had to be suitable for other, more
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practical, applications (in medicine or technology) and not just of curiosity value for the project. The
practical issues of creating polymer brushes with consistent sample quality as well as carefully
selected properties did prove a huge challenge, particularly at the beginning of the project when the

amine (cationic) surfaces were tested.

Having been presented with a series of cationic, zwitterionic and anionic brushes, the task of
producing a mobile lipid bilayer on these polymer brush supports was a primary requirement. The
brush surfaces tested, which were strongly cationic (amines) or strongly anionic (sulphonate or
carboxylates) proved very useful for adsorbing layers of in-tact vesicles; a process driven by the
electrostatic interactions between the surface and oppositely charged vesicles, indicating that the
work was heading along a hopeful path. Many conditions and configuration of these brushes were
examined but no successful combination was found which supported fusion of these adsorbed
vesicles into a fluid bilayer. There are, however, many instances in the literature where proteins
have been incorporated into vesicles, as proteoliposomes, and their functionality studied. Also, the
study of interactions between anionic charged vesicles and cationic polymers is a significant area of
research where polymersomes are used as drug delivery vehicles. Thus this work did add to the

knowledge in this field, despite not providing an ideal result for the project.

One common feature of this work was that the zeta potentials of all surfaces and lipid vesicles used
were tested under a range of solution conditions. This work provided a way of measuring the
strength of the interactions between the brush surface and the vesicles being incubated on them.
Work then focussed on two zwitterionic brushes and it was interesting to note that one, PMPC, did
not interact with vesicles of any kind: it was determined that with an interaction potential of around
zero mV? there was no driving force for the adsorption of vesicles. This became an important
candidate brush for creating the lipid-resistant walls of the corrals described in Chapter 1. However,
a second, novel amino acid brush of PCysMA did support fluid bilayers. The PCysMA supported lipid
bilayer was fully characterised using FRAP and AFM and proved to be homogenous, highly diffusing
(1.4 um? s™*) and to have high mobility (>92%). Most importantly the result was reproducible. The
key to this was evaluated and there appeared to be a narrow range of interaction potentials of
around 460 mV?that supported successful bilayer formation. Below this “optimum” interaction
value, with a smaller charge interaction (but above zero mV?), a layer of intact vesicles could be
adsorbed but no diffusion was observed. At higher interaction potentials, (>800 mV ?) vesicles were
adsorbed. There was no fusion into a bilayer and very slow diffusion of the vesicles was observed. At

these higher interaction potentials similar results were seen with all the brush surfaces which had
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either high negative or high positive zeta potentials, when incubating with lipid vesicles of opposite

charge.

Following this success a number of methods were tested to incorporate a functioning
transmembrane protein into the bilayer. The first of these used cationic vesicles (of a 25% charge
ratio DOTAP:POPC) to create proteoliposomes incorporating proteorhodopsin. Despite the literature
evidence, this did prove very difficult, though the method worked better with anionic vesicles (of
25% DOPG:POPC) than with cationic ones. A second method, to incorporate a cytochrome bo3
protein into a cationic vesicle showed promise and AFM images were obtained of a brush containing
the light harvesting protein. However, much more interesting and promising was a simple detergent
depletion method to create a bilayer on the PCysMA brush, containing significant elements (as C10H

vesicles) of the Rh Sphaeroides light harvesting system.

8.2 Future work

At all stages there were opportunities to develop the experimental work further.

It is my conclusion that the cationic (amine) surfaces, despite being classified as “unsuccessful” in
terms of this project, are useful test systems for studying vesicle interactions with anionic lipids and,
potentially, to support in-tact vesicles which could incorporate light harvesting (or other) proteins.
Future work in this area would involve exploring the higher charged DOTAP containing vesicles,
which were adsorbed on the cationic polymer surfaces, to confirm the nature of the interactions of
the adsorbed layer. This could be done by combining the techniques of surface plasmon resonance
(SPR), QCMD and AFM. SPR and QCMD can be used to follow adsorption in real time to determine
whether vesicles were adsorbed in-tact and whether they fused following adsorption. AFM would be
used to determine the thickness of the adsorbed layer and prove firstly that vesicles were adsorbed
and secondly whether they represented one or more layers of vesicles on the surface. Some FRAP
images suggested that there could be diffusion of lipids within the polymer brush as seen in Table.
7.2.(e) and using FCS to study the diffusion of the lipids or vesicles within this lipid layer would be

helpful in this case.

The successful PCysMA brush work could be developed, firstly by establishing that the bilayer is fully
(charge) sealing. This can be done by growing the brush from a conductive surface such as gold and
taking conductance measurements, by using EIS. Attempts to do that here were affected by the poor

bonding of the polymer to the gold, so this would need to be improved.
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Attempts to incorporate of light harvesting components into lipid vesicles have been presented in
this work, and whilst success was indicated by the AFM images, the incorporation of proteins into
vesicles is a complex method and prone to problems. However, this work could be pursued for the
research on cationic polymer brushes to be developed further into a useful platform for measuring
protein activity. This would mean incorporating proteins into anionic vesicles adsorbing them onto a
cationic polymer, which have been grown from a conducting (gold), substrate. Measurement of the

functionality of the protein using an electrical readout or via a pH change could then take place.

The most interesting part of the project was to develop a method to incorporate proteins onto
polymer brushes and directly into a lipid bilayer via the detergent depletion method. The initial
confirmation that the proteins were present in the bilayer, as indicated by dark field experiments
presented above, need to be repeated and the results confirmed. Finally, the detergent depletion
method should be taken further and repeated, with AFM scans being done as soon as possible after
bilayer formation to obtain high quality images which would help to confirm the presence of the
proteins on a polymer brush in a fluid bilayer. It would also be necessary to establish that all the

proteins are oriented in the same manner, so that proton pumping takes place in one direction.

The next stage of the project, not explored in this thesis would be to measure the charge transfer
activity of the incorporated proteins. This could be done in a simple manner by measuring a pH
change caused by the movement of protons from one side of the membrane to the other. Protocols
to do this are available within the University of Leeds. This would prove the utility of this polymer
supported bilayer for the study of protein activity in general and not only relating to the light

harvesting system of the project.

In summary, this project promised to be very interesting and significant, providing insight into the
development of a new field of low-dimensional science which bridged physics, chemistry and
biology. Expertise in these fields was to be combined with the aim of understanding that:
interactions may work differently at low dimensions, and to use this knowledge to potentially
generate energy from absorbed light, in “biomimetic photosynthesis”. The reality of trying to
produce one of the building blocks for this work as a polymer supported lipid bilayer was very
challenging. It exposed many questions, not least to understand the complex area of the interactions
between solid surfaces, polymers and lipid bilayers in a hydrated environment. My first question on
reading about this project, though possibly naive at the time, was about the interactions between

the solid support and a lipid bilayer and it now seems it was the most pertinent and important one
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to ask. The end result of this work, to publish a method to create a fluid, polymer supported lipid
bilayer was successful and satisfying, but left an important and intriguing unanswered question
which is why this particular system worked when others didn’t. The development of the detergent
depletion method, to incorporate a functioning transmembrane protein, also indicated early success

and has the potential to be used for a range of protein reconstitutions.
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Appendix 1.

Copied from the funding application, this quotation from the Low-Dimensional Chemistry
project document shows the importance of the supported lipid bilayers to the project.
“Polymer brushes, proteins and supported lipid bilayers are also employed as structural
elements in every work package. Embedded in this supported layer will be membrane
proteins. We will develop new polymer brush supports for lipid bilayers, designed to
maximise the mobility of membrane lipids and proteins. Lipid bilayers will be supported on
brushes and measurements made of the diffusion coefficients of membrane components.
We will incorporate binding pockets designed to accommodate membrane proteins within
the brush layer. We will fabricate macroscopically extended arrays of metallic
nanostructures, and functionalise these with membrane proteins. The membrane proteins
will be embedded in supported lipid bilayers, resting upon polymer brush ‘cushions’ formed
in the regions of surface surrounding the nanodots. We will construct a wholly synthetic
membrane channel by fabricating a stimulus-responsive polymer brush nanostructure at the
entrance to a nanoscopic pore in an inorganic film. The pore will be embedded in a
supported lipid bilayer.

Proton-permeable polymer brush layers will be developed that will support the maintenance
of proton gradients. Supported lipid bilayers will be formed on proton-permeable polymer
supports. We will investigate the potential for using polyelectrolyte brush films for osmotic
storage of charge. We will assemble a supported lipid bilayer structure in which ATP
synthase is embedded, and then subject it to a transmembrane gradient. We will measure
the motion that results from the conversion of chemical to mechanical energy in the proton

gradient.”

Appendix 2.

A full list of polymers tested for bilayer formation, but not included in the results chapters.
In all cases no successful bilayers were formed.

PMPC-PHPMA-PMPC (triblock)

PMPC-PHPMA (diblock)

PMPC-PDMAEMA

PMPC-PDMAEMA C18 top (+ve)

PMPC-PDMAEMA C12 top (+ve)

PMPC-PDMAEMA C1 top (+ve)

PMPC-PKSPMA (-ve)

Gold nano dots with (possibly) LH1 protein attached on dots of 15, 40 and 50 nm height
PCBMA of 10 and 22 nm dry length.

Micro-patterned PCysMA

The following abbreviations apply:
PMPC poly[2-(methacryloyloxy)ethyl phosphorylcholine]
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PDMAEMA poly (N,N- dimethylamino ethylmethacrylate)

PKSPMA poly(3-sulfopropylmethacrylate potassium salt)
PHPMA Poly(hydroxypropyl methacrylate)
PCBMA Poly(carboxybetaine methacrylate)
PCysMA Poly(cysteine methacrylate)
Appendix 3.

The two grids below show the measurements of the size of 25%DOTAP:POPC vesicles using
DLS at 25°C and 50°C.

Up to 100 ‘background’ readings are taken by the software for each complete ‘top level’
reading requested by the user. In this case the user requested 3 ‘top-level’ readings, but
(oddly) the software does display header data to reflect the average of these three
readings shown by the graph below it (only displaying one of them). Thus the standard
deviation recorded below on each reading header is the SD within the machine’s
measurement protocol for one ‘top level’ reading.

The average vesicle size and its variance have been calculated manually from 3 such ‘top-
level’ readings, shown by the graph below, as reported in Chapter 5.

Measurements of the size of 25% DOTAP:POPC vesicles using DLS at 25°C:-

Temperature (°C): 250 Duration Used (s): 60
Count Rate (kcps): 2493 Measurement Position (mm): 550
Cell Description: Clear disposable zeta cell Attenuator: 9
Size (d.nm): % Number: St Dev (d.nm):
Z-Average (d.nm): 54 81 Peak 1: 26.33 100.0 7.337
Pdl: 0345 Peak 2: 0.000 00 0.000
Intercept: 0932 Peak 3: 0.000 00 0.000

Result quality : Good

Size Distribution by Number
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— Record 1: 25% DOTAP veicles no salt at 25C 1 Record 2: 25% DOTAP veicles no salt at 25C 2
Record 3: 25% DOTAP veicles no salt at 25C 3

Measurements of the size of 25% DOTAP:POPC vesicles using DLS at 50°C:-



Temperature (°C): 50.0
Count Rate (kcps): 136.9

Cell Description:

232

Clear disposable zeta cell

Duration Used (s): 70
Measurement Position (mm): 5.50

Attenuator: 8

Size (d.nm): % Number: St Dev (d.nm):
Z-Average (d.nm): 72.16 Peak 1: 33.26 100.0 9.090
Pdl: 0.346 Peak 2: 0.000 0.0 0.000
Intercept: 0.936 Peak 3: 0.000 0.0 0.000
Result quality : Good
Size Distribution by Number
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Record 10: 25% DOTAP veicles no salt at 50C 1

Record 12: 25% DOTAP veicles no salt at 50C 3

Record 11: 25% DOTAP veicles no salt at 50C 2|




