Light harvesting in low
dimensional systems: application

of driven Brownian ratchets in
supported lipid bilayers for the

creation of light harvesting
mimics

Johannes Sebastian Roth
School of Physics and Astronomy

University of Leeds

Submitted in accordance with the requirements for the
degree of
Doctor of Philosophy
March 2015


mailto:pyjsr@leeds.ac.uk
http://physics.leeds.ac.uk
http://www.leeds.ac.uk

Declaration

The candidate confirms that the work submitted is his own, except
where work which has formed part of jointly authored publications
has been included. The contribution of the candidate and the other
authors to this work has been explicitly indicated below. The candi-
date confirms that appropriate credit has been given within the thesis
where reference has been made to the work of others. Chapters
and [5|are based on the results of previously published work jointly
authored by the candidate (see the bibliography below). The atomic
force microscopy experiments on one dimensional diffusion were car-
ried out by Dr George Heath. Parts of the experiments on Brownian
ratchets were carried out by Ying Zhang. Patterned electrodes were
produced by Dr Peng Bao. The polymers used as supports for lipid
bilayer formation were prepared by Nan Cheng and Dr Abdullah
Alswieleh. This copy has been supplied on the understanding that it
is copyright material and that no quotation from the thesis may be
published without proper acknowledgement.

©2015 The University of Leeds and Johannes Sebastian Roth.

The right of Johannes Sebastian Roth to be identified as Author of
this work has been asserted by him in accordance with the Copyright,
Designs and Patents Act 1988.



iii

Bibliography

(Bao et al. 2012) P. Bao, M.R. Cheetham, J.S. Roth, A.C. Blakeston,
R.J. Bushby, S.D. Evans, On-chip alternating current electrophore-

sis in supported lipid bilayer membranes, Analytical Chemistry, 84,
pp. 10702-10707 (2012).

(Taylor et al. 2014) R.W. Taylor, F. Benz, D.O. Sigle, R.W. Bowman,
P. Bao, ].S. Roth, G.R. Heath, S.D. Evans, ].J. Baumberg, Watching in-
dividual molecules flex within lipid membranes using SERS, Scientific
Reports, 4, 5940 (2014).

(Heath et al. 2014) G.R. Heath, ]J.S. Roth, S.D. Connell, S.D. Evans,
Diffusion in low-dimensional lipid membranes, Nano Letters, 14(10),
pp- 5984-5988 (2014).

(Roth et al. 2014) J.S. Roth, M.R. Cheetham, S.D. Evans, Transport and
concentration of charged molecules in a lipid membrane, Proceedings
of the 2014 COMSOL Conference, (2014).

(Wang et al. 2015) L. Wang, J.S. Roth, X. Han, S.D. Evans, Photo-
synthetic proteins in supported lipid bilayers: towards a biokleptic
approach for energy capture, Small, DOI: 10.1002/smll.201403469
(2015).

(Blakeston et al. 2015) A.C. Blakeston, A. Alswieleh, G.R. Heath,
J.S. Roth, P. Bao, N. Cheng, S.P. Armes, G.J. Leggett, R.J. Bushby,
S.D. Evans, New poly(amino acid methacrylate) brush supports the
formation of well-defined lipid membranes, Langmuir,

DOI: 10.1021 /1a504163s (2015)

(Roth et al. 2015) ].S. Roth, Y. Zhang, P. Bao, M.R. Cheetham, X. Han,
S.D. Evans, Optimization of Brownian ratchets for the manipulation

of charged components within supported lipid bilayers, Submitted to
Applied Physics Letters, 2015



iv

This thesis is dedicated to my family.



Acknowledgements

This work was made possible by a DTG studentship from the En-
gineering and Physical Sciences Research Council to myself. This
research would not have been possible without the guidance and
support of my supervisor Stephen Evans. His creativity and feedback
have driven this work forward. I would also like to thank Richard
Bushby for his continuous support and for helping me with his seem-
ingly indefinite knowledge of chemistry. His curiosity and interest in
the subject have enhanced my understanding and the quality of this
project.

I have also received support from the members of the Low Dimension
Chemistry Group based in Sheffield and Leeds. Particular thanks
go to Matthew Cheetham for introducing me to lipid bilayers and
being extremely supportive in my first months and being a constant
source of intelligent input towards my work. Peng Bao has sup-
ported this work in various ways, including working late nights and
early mornings. Benjamin Johnson has been invaluable because of
his continuous efforts to make the experimental work in our group
possible.

Personally, I would like to thank the members of the Molecular and
Nanoscale Physics Group, both past and present, and the wider
Physics Department that have made the last years even more enjoy-
able. Without the support of this group of people, this work would
not have been possible.

In addition to the people mentioned before, I would also like to thank
Sandra and Maddie for the infinite support and for keeping me sane
in the last years.



vi

Abstract

Supported lipid bilayers are a well known model system for the cell
membrane. They allow for the investigation of the membrane in a
controlled environment. The solid supported bilayer is accessible
through the surface it is formed on and allows for different experi-
mental techniques to be applied. This thesis presents work on free
diffusion in the membrane and electrophoretically driven transport
and concentration of charged membrane components. In addition to
that, novel supports for the support of membrane proteins have been
investigated and surface enhanced Raman spectroscopy is presented
as a label-free method for the detection of membrane components.

Brownian ratchets have been used for applications such as molecular
sorting with and without the use of lipid bilayers. So far the work has
mainly been focussed on their use without a thorough investigation
of their properties and the parameters influencing their efficiency.
Here, the size of the ratchets and time parameters are varied in
experiment and calculation and their role in the ratcheting process is
discussed. The efficiency of the ratchets can be significantly reduced
when the parameters are chosen in an optimal manner.

The use of electrophoresis in lipid bilayers for the concentration and
separation of membrane components has focussed on using two elec-
trodes in simple patterns such as squares or lines. This is expanded
here on more complex patterns which also allow for the retention
of charged material in trapping regions. The pattern was then used
to demonstrate the ability to determine binding coefficients in the
trapping regions even for membrane components with a low initial
concentration or low fluorescence quantum yield. More complex
electrode systems using four patterned electrodes are also presented
which allow for the application of electric fields in two dimensions
where the strength and orientation of the field can be chosen almost
arbitrarily.

Polymer supports have the ability to support lipid bilayers with
membrane proteins which exhibit significant extramembranous do-
mains. Two novel supports are investigated here and different lipid
bilayer formation routes are explored. To allow for label-free detec-
tion of lipids, peptides or proteins within the membrane, surface
enhanced Raman spectroscopy is used. The ability of this method
to distinguish between different lipids and to detect peptides within
the membrane is shown, as well.
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Chapter 1

Introduction

The sun constantly emits energy and sends a portion of it towards earth. The
total amount of energy arriving on earth’s surface is around 23 PW (Smil, [1991).
A small portion of this large amount of energy is used by plants and bacteria in
photosynthesis. The total amount of the solar energy used in these biological
processes amounts to around 120 TW (Field, [1998). This is much more than
the energy demand of the population of the earth which is currently around
15TW (IEA, 2010). Therefore, using solar energy can be a way to reduce the
current dependency on fossil fuels or even become totally independent from
non-renewable energy sources. Despite this still being a challenge, developing
new biokleptic methods is a very promising approach, since a variety of methods

to use solar energy with a high efficiency have evolved in nature.

1.1 Photosynthesis

Living organisms have found many ways of generating energy in their natural
environments. Apart from the consumption of food or the exothermic conversion
of oxygen and carbon into carbon dioxide, another possible way is to convert
light into chemical energy. This chemical energy is then stored and used at a
later point by the organism. One of the most important properties of the light

harvesting proteins in these organisms is that the conversion of light into excited

1
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electronic states has a quantum efficiency close to unity (Fleming et al., 2012}
Hogewoning et al., [2012). Compared to silicon based solar cells, which have
doubled their efficiency in the last 40 years to the current world record of 44.7 %
efficiency for four junction solar cells (Dimroth et al., 2014), the proteins involved
in light harvesting are much more efficient. This renders them of high interest
for future use in artificial devices for energy generation and storage and opens
up a variety of research questions in order to make these proteins usable on a
large scale.

Even the very first life-forms on earth developed the ability to convert light
into energy usable by their organism (Blankenship, 2010). The first form of
photosynthesis occurred in cyanobacteria and from there on the mechanism has
evolved into different forms which we see today. It is even suggested that the
light harvesting as it exists today in eukaryotes appeared through endosymbiosis.
Despite the fact that the evolutionary path from the cyanobacteria to the current
form of photosynthesis in the organisms which have light harvesting proteins is
still under debate (Bjorn and Govindjee, 2009), the conversion process from light

to chemical energy is well understood and has been studied in great detail.

1.1.1 Generation of Chemical Energy from Light

Plants and bacteria have evolved the ability to generate energy for themselves
by converting light into chemical energy, mostly via the synthesis of adenosine
triphosphate (ATDP) (see figure[I.2). This process can be achieved in different
ways and there are different proteins in different organisms. A basic schematic
of a cell using light to generate glucose is shown in figure The solar energy
is harvested by light harvesting proteins (LHk) or by photo systems (PSs) and
is used to convert adenosine diphosphate (ADP) into [ATPl by ATP synthase
(ATPasé€). The is then used in the Calvin cycle to produce glucose, which
can then be used in other parts of the organism. The systems with the fewest

components consist of two proteins: proteorhodopsin, which uses the incoming



1.1. Photosynthesis 3

glucose

Figure 1.1: Schematic of the photosynthetic process as it happens in plants or in bacteria.
Light harvesting systems and photosystems (green) capture light and convert [ADPI
to [ATP] which is then used in the Calvin cycle (blue) to produce glucose for the
organism. This process also consumes H,O and CO; while O, is a side product.

0 0 e N —\

OH OH

Figure 1.2: Structure of [ATPlwith[ADP]being identical to this structure without the leftmost
phosphate group.

light to generate a proton gradient across the cell membrane which is then being
used by a second protein, [ATPase| which uses the proton gradient to convert
[ADP to [ATD

Multiple protein systems also occur in nature. These exhibit a more complex
mechanism of light capture and gradient formation. One example is present
in Rhodobacter sphaeroides. Here, the incoming light is captured by [LHs, which
convert the light into excited electronic states. This process is enhanced by

the reaction centres (RCk) allowing the organism to capture a larger portion
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Figure 1.3: Absorbance of the photosynthetic membrane of the wild type Rhodobacter
sphaeroides showing the weak absorption in the blue/green part of the spectrum
and two strong peaks in the red/infrared region. Taken from (Lang et al., [1994).

of the solar spectrum. The absorption spectrum of the whole photosynthetic
membrane combining the absorption of all proteins within the membrane is
seen in figure The spectrum shows that the LHs have their main absorption
in the red to infrared region of the electromagnetic spectrum, but also absorb in
the lower wavelength regions of the electromagnetic spectrum. The only part of

the spectrum which is not covered is the green to yellow region.

1.1.2 Rhodopsin

As discussed before, the simplest system consists of rhodopsin and to
generate chemical energy from light. Rhodopsin, belonging to the class of G-
protein coupled receptors (GPCRs), is one of the best characterised light sensitive
proteins. It was discovered in 1876 by Boll (Broda, 1941) and has since then
been extensively studied (Alves et al., 2005; Heyse et al., [1998; Subramaniam
et al, 2005). Rhodopsin itself is a light activated protein which is best known for
its activity in the eye. Initial work focussed on the investigation of rhodopsin
in native membranes (Fung and Hubbell, [1978; Hong and Hubbell, |1972; Poo
and Cone, 1974 Rudzki and Peters, 1984) while later it was more commonly
reconstituted into artificial membranes such as black lipid membranes (BLMs)
(Brown), 1994 [Jastrzebska et al., 2011), solid supported lipid bilayers (SLB5)
(Subramaniam et al., 2005, 2008)) or polymer cushioned/tethered membranes

(Heyse et al., 1998; Naumann et al., 1999).
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(a) Rhodopsin (b) Bacteriorhodopsin (c) Proteorhodopsin
Figure 1.4: Structures of different rhodopsins. The respective PDB codes are 1JGJ, 4HYX,
4JQ6.
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Figure 1.5: Chemical structure of retinal.

Rhodopsins are an important example for light harvesting proteins; they are
part of the family of retinal (see figure binding proteins which all use the
retinal as the chromophore. Bacteriorhodopsin and proteorhodopsin belong to
the same family and work as light driven proton pumps in some archae. Prote-
orhodopsin was first discovered in 2000 (Béja et al., 2000) in oceanic bacteria. In
both, proteorhodopsin and bacteriorhodopsin the retinal is bound to the protein
via a Schiff base Several models have been proposed for the complete photocy-
cle of proteorhodopsin (Dioumaev et al., 2002} Krebs et al., 2002; Martinez et al.,

2007). The structure of the different types of rhodopsins are shown in figure

Although it was shown that the charge on proteorhodopsin can be used to
directionally insert the protein into vesicles (Tunuguntla et al., 2013), there is a
lack of comparable work for proteorhodopsin in[SLBs. This is probably due to
the fact that, in order to achieve effective proton pumping, the orientation, which
can be achieved in the proteoliposomes, has to be maintained when forming
[SLBs. As is shown in section this can be a challenging task and the way in

which a vesicle unravels to form a lipid bilayer is not yet fully understood.
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Figure 1.6: Structure of the RC-LH1-PufX from Rhodobacter sphaeroides. Left: side view,

right: top view; the ring structure of the RC-LH1 superstructure can easily be seen.
PDB code 4V9G.

1.1.3 Light Harvesting Complexes

In spite of the fact that the would be able to capture light and convert the
energy to a proton gradient, this process can be aided to be more efficient with
the use of [LHk. The [LHk absorb a higher fraction of the spectrum of the light
then the would on their own. After the absorption of the incident light, the
energy is then being transferred to the[RC|in the form of excited electronic states.

Initial work on[LHk in artificial membranes focused on using made via
the Langmuir-Blodgett, Langmuir-Schéfer method and some groups
continue to use this method in more recent work (Gruszecki et al., 1999; Imahori
et al., 2000; Kamran et al., 2014; Li and Hollingshead, [1982). Although there has
been some work on the reconstitution of LH1 (Dewa et al., 2006; Milhiet et al.,
2006) and LH2 (Nagata et al., 2003} Stamouli et al.,[2003) into [SLBk separately and
some work on the combination of LH1 and LH2 in a single membrane (Dewa
et al., 2013; Lang et al, 1994; Sener et al., 2007; Sumino et al., 2011), there is a
lack of work on the full photosynthetic system in a single, artificial membrane,
where all elements of the natural photosynthetic membrane are combined and
light is converted into

The first incorporation of [LHs into an was shown in 1994 and the flu-
orescence life time of light harvesting complex II was measured using
near-field fluorescence imaging (Dunn et al.,1994). In later work, light harvest-

ing complex I (LHI) was also incorporated into on indium tin oxide (ITO),
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a transparent and conductive substrate, which allowed for the measurement
of the photocurrent of LHIlin its native membrane environment (Nagata et al.,
2003). With the help of high resolution atomic force microscopy (AEM)), it was
possible to see the difference in the endoplasmic and periplasmic sides of
(Stamouli et al.,2003). In addition to that,[AFM]|has revealed the spatial arrange-
ment of LHT|and its associated RCk showing a very specific structure of the two
different proteins with respect to each other (Milhiet et al),[2006). LH2l was also
incorporated into and it was shown that[LH2| even when incorporated
into the fluid domain of the will diffuse into gel domains and remain there
(Dewa et al., 2006). More recently, the influence of the supramolecular structure
of the arrangement of [LHT] and has been studied. It was shown that
the clustering of the proteins, which is dependent on the lipid composition in
the bilayer, plays an important role for the energy transfer. The clusters
(the individual complex is shown in figure form hexagonal patterns which

seem to facilitate very efficient energy transfer (Dewa et al.,2013).

1.2 The Cell and Its Membrane

In addition to the proteins discussed in the previous section, a cell which needs
to create a proton gradient also requires an impermeable layer. In bacteria, plants,
eukaryotes and animals this layer is the phospholipid membrane. It serves many
purposes including internal separation of the cell into different compartments,
shielding the cell from the outside, and allowing for the possibility to create

chemical or electrical gradients (Luckey 1948, 2008).

The cell membrane mainly consists of lipid molecules which govern the
behaviour of this vital part of any organism. It allows for the cell to be isolated
from the outside and keep the inside of the cell at the required conditions for
its own life. Membrane proteins can regulate the internal condition of the cell

by acting as gatekeepers, channelling only certain molecules through while
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Figure 1.7: Structure of POPCl A commonly used lipid in this thesis. The tail consisting

of hydrocarbon chains is hydrophobic while the polar head group is hydrophilic
leading to the amphiphilic nature of this type of molecule.

stopping others from passing. This also means that the membrane itself has to

be able to withstand diffusion of most molecules through itself (Phillips, 2013).

1.2.1 Phospholipids

Phospholipids are so called amphiphilic molecules. Amphiphilic stems from
the Greek and translates as “loving both”, meaning that the molecules are both,
hydrophilic and lipophilic at the same time. Phospholipids have a hydrophilic
head group and lipophilic chains. Figure shows the structure of a very
common lipid, The tail consists of two carbon chains with a single unsat-
urated bond in one of the tails. The carbon chain induces the hydrophobicity of
the molecule, as this part of the lipid molecule is non-polar. In contrast to this,
the head group of the lipid molecule is polar (the N* atom and the O~ form a
dipole) and is therefore hydrophilic (Boal, 2012).

Amphiphilic molecules, like lipids, self assemble into various forms when
dispersed in water. The exact form amphiphilic molecules in water go into is
determined by critical micelle concentration (CMC) of these molecules in water.
It can be vesicles, (inverse) micelles, or sheets of bilayers. These forms are further

discussed in the following section (Lodish, 2013).

1.2.2 Self-Assembly into Micelles and Vesicles

Self-assembly is the main driving forces for natural nano scale objects. It relies

on energy minimisation on a molecular scale to achieve the formation of certain
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patterns or objects. One of the earliest discoveries of self assembly into monolay-
ers was when Benjamin Franklin dropped a small amount of oil into a pond and
thus changed the surface tension of the water, resulting in fewer waves and the
formation of a macroscopically large oil layer on top of the water (Franklin et al.,
1774).

Lipid molecules in water self assemble into different structures such as
micelles, bilayers or vesicles. The hydrophobic tail groups are driven out of
contact with surrounding water molecules and the hydrophilic head groups are

energetically favouring to be in contact with water.

Vesicles and Self-Assembly

For micelles to form through self-assembly, this formation has to be energetically
tavourable. Using the approach of Israelachvili (Israelachvili, 2011), a derivation
of the driving forces behind the aggregation of several molecules will be given
here.

Thermodynamic equilibrium is reached when all molecules, no matter in

what kind of aggregate they are in, have the same chemical potential y:

1 1
U= V(ly +kgTlog X1 = y% + EkBTlog §X2 = .. (1.1)
kgT X
_ _ N B AN
H=HUN= Uy T+ ~ log ( N ) constant, (1.2)

where N is the aggregation number, Xy the concentration of molecules in ag-
gregates of the number N, u)) the mean interaction-free energy per molecule,
kg is the Boltzmann constant and T is the temperature. Molecules form aggre-
gates when the energy of the aggregated state is lower than for monomers. This
means the free energy ul has to decrease with increasing N. For chains, circles
and spheres the interaction free energy is given through (Israelachvili, 2011):

o  akgT
Y =1 g (13)
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where a denotes a constant proportional to the intermolecular forces, p is the
dimensionality and pg’ is the bulk energy per molecule. As required, this

equation decreases with increasing N.

Conditions to Form Aggregates

Using equation [1.3|alone is not enough to explain the minimal concentration
needed for aggregates to form. With equation [I.2] the following relation for the

concentration of molecules in aggregates Xy can be derived (Israelachvili, 2011):
Xy ~ N (X;eM)V. (1.4)

If the monomer concentration X; is low enough so that the approximation
Xje* <« 1is true, it follows that X; > X, > X3 > ... for all values of a. This
implies that most of the molecules in the solution will be monomers and therefore
X1 ~ C. But there is a restriction to this: once X; gets close to e ™ the value of
(X1e") gets close to 1. By definition none of the Xy is allowed to be larger than 1,
the value of X; cannot increase any further than e™*. Therefore, the aggregations
states with N > 1 have to be used from this point on. The concentration at
which this process starts is the so-called critical micelle concentration (CMC). In

general it is true that
1_ N
- _Ho— Ho
CMC =~ exp < T ) . (1.5)
With equation 1.3 this becomes

CMC ~ e * (1.6)

independent from the dimensionality looked at. For any concentration of solute
molecules higher than this value the concentration of monomers will be almost

constant and the concentration of aggregates will increase.
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1.2.3 Aggregates of Amphiphilic Molecules

In order to obtain bilayers, or other aggregates, such as vesicles, the molecules
have to be amphiphilic. This means that the molecule is both hydrophilic and
lipophilic at the same time. The structures can change from one to another, so
a micelle can change into a bilayer, depending on the surrounding conditions
and how they are changed. In order to understand more about the formation
of a lipid bilayer from other structures, the forces between the amphiphilic
molecules have to be understood first. When in an aqueous environment, there
are hydrophilic and hydrophobic forces between either the lipid molecules
themselves or the lipid and the water molecules. Since the hydrophobic tails
try to minimise the interfacial area they share with the surrounding water,
their free energy in water can be represented by a positive free energy per
unit area, typically around 50 mJ m=2. Due to the hydrophilic interaction of

the head groups, this is reduced and is closer to 20 mJ m=2.

The attractive
contribution to u)} can be written as ;2 where a is the interfacial area of the
head group (Israelachvili, 2011). On the other hand, the repulsive forces are
much more difficult to calculate (Israelachvili et al.,|1980) and have to include the
double layer that forms above the lipid bilayer if the head groups are charged
(see section 2.3.1). Here the fact that the energy expansion will be inversely

proportional to the head group area is used for further discussion of the free

energy:

K
o =ra+—, (1.7)
where K denotes the proportionality constant. The minimum of y{ can be found

d N
when % = (0. This leads to

0= (18)
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/K
and therefore the optimal surface energy per molecule ag is P The minimum

of u} can then be found by
. Ny _
min(uy ) = 2yap. (1.9)
Replacing the unknown constant K in equation|1.7|with the measurable ag gives
N _ Tia— an)?
Ho =20+ —(a—ao)". (1.10)

Although several approximation have been made to obtain this result, it has
fitted experimental data very well in several cases (Gallot and Skoulios, 1966

Lewis and Engelman, [1983; Reiss-Husson, (1967).

1.2.4 Formation of Lipid Bilayers

With the above considerations, several structures are energetically favourable in
different conditions. The actual structure being formed will very much depend
on geometric properties of the lipid molecule, the most important of them being
the ratio of the interfacial area 4, the head group covers, to the chain volume
v and [, the length of the chain. The underscore c denotes the critical chain
length because the maximum effective length of the chain is considered. As an
estimate of the size of the hydrocarbon chain with 7 carbon atoms, the following

approximations can be used (Ianford, 1980):

le < Imax ~ (0.154 + 0.1256 - n) nm (1.11)

v~ (2744269 n)-107° nm® (1.12)

These parameters can be determined for each molecule and then, similar to solid
state packing calculations, the geometric packing possibilities can be considered.

The literature generally introduces a dimensionless value, called packing factor,

0

71> Where ag denotes the optimal surface area of the head group. While the
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packing factor itself may allow for a lot of different shapes for the aggregates to

form, the constraints from entropy lead to only one possibility. Only if the ratio

0

~ (1.13)

is very close to unity, a bilayer will form (Israelachvili, 2011). In case the head
group is large compared to the tail volume (aé’—lc < 1), the lipid forms a spherical
micelle where the heads face the outer solvent and the tails stick together and a
droplet of lipid within the solvent is formed. With increasing values the micelles
become first ellipsoidal and then cylindrical. For values of ﬁ greater than 1 the
micelles become inverted micelles meaning that now the solvent forms droplets
within the lipid. The configuration head groups facing the solvent and tails in
contact with each other stays the same. Figure|1.8shows the different structures

an amphiphilic molecule can form.
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Figure 1.8: Different structures formed by lipids. Depending on the surface conditions or
the solution the molecules are in and the geometry of the molecules, different
aggregates are formed by lipids.

In general, single chain lipids form micelles. The packing factor for this
structure is about 0.5 and has to be double the amount in order to form a bilayer.

This means that a lipid that forms a micelle only has to double its hydrocarbon



Chapter 1. Introduction 14

volume v. This is why a lot of double chain molecules are used to form bilayers

as the second chain doubles v and leads to an increase in the packing factor.

1.2.5 Formation from Vesicles

Vesicles on a suitable surface (such as glass, mica or silicon) will spontaneously
fuse and rupture to form a planar lipid bilayer. In a bilayer lipids are free to
diffuse in two dimensions while they can not leave the bilayer structure to move
in the third dimension. (Israelachvili, 2011)

Planar lipid bilayers can be formed in different ways. These include Langmuir-
Blodgett (LB) deposition of individuals monolayers on a support followed by the
subsequent deposition of a second monolayer using the Langmuir-Schéfer (LS)
method, black lipid membranes covering different openings, interfacial bilayers
formed between a surface and a droplet and formed through vesicle rup-
ture. Most in this work were formed through vesicle fusion and rupture
on different supports.

Vesicles are formed in solution through the self assembly of lipid molecules
which avoid the energetically unfavourable contact of their tail groups with
water. The tail groups are in contact with each other and exclude the water
from this region, while the head groups can be in contact with the surrounding
aqueous solution. When dry lipid molecules are brought in contact with an
aqueous solution, they spontaneously aggregate into multi-lamellar vesicles.
These vesicles are then used to form smaller, unilamellar vesicles through either
tip sonication or through extrusion of the multi lamellar vesicles through pores
of various sizes, but smaller than the original vesicles.

In general, there are two different ways of vesicle spreading that will result
in large bilayer regions. First, a vesicle on the surface can spontaneously rupture,
unravel and form a patch of an Second, there is the possibility of vesicles
sticking to the surface, flattening and forming a stack of two bilayers. The upper

bilayer can then roll over the lower bilayer, which is stuck to the surface due to
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pinning centres, to form larger patch of an[SLB| (Richter et al., 2006; Sackmann)
1996).

The process of rupture and formation can follow different pathways
and is dependant on the surface and the lipid composition in the vesicles. On
silica, for example, it has been shown, that vesicles consisting of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine (at a concentration of 80 mol% and 20 mol% respectively) will
tirst attach to the surface and only rupture once a critical surface concentra-
tion has been reached (Richter et al., 2006)). The same effect has been shown in
both, experiment and computer simulation for Egg PC vesicles on a silica sur-
tface (Zhdanov et al., 2000). This effect can be explained by the enhanced stress
on the individual vesicles upon the adsorption of other vesicles in their vicin-
ity (Zhdanov and Kasemo, 2001). When the lipid composition of the vesicle is
changed, the process of rupture and formation can change as well. Vesicles
consisting of 1,2-dioleoyl-3-trimethylammonium-propane on silica
show immediate rupture when they come into contact with the surface (Richter

et al., 2006).

Once a single vesicle has ruptured on the surface, the small patch of bilayer
on the surface will expose its edges to the surrounding liquid. From a thermody-
namic standpoint these edges are energetically unfavourable and can therefore
induce further rupture from closely adsorbed vesicles. This can then lead to a
chain reaction which results in a high coverage of the solid support. In addi-
tion to the rupture of additional vesicles, the unfavourable edges also lead to
neighbouring patches fusing and the formation of larger covered re-
gions. Ideally, the combination of the processes will lead to a complete coverage
of the solid support with an On some solid supports, for example silica,
the time frame of this formation process is supposed to be of the order of several

seconds (Richter et al., 2003).
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Although the method of vesicle rupture on solid supports is well known and
has been used for several years, it is far from being perfect. Different errors can
introduce defects in the lipid membrane. During the formation process, even
if the support is perfectly flat and hydrophilic, some of the vesicles may not
rupture but be stuck to the surface and immobile. Although probably less than 1
% of the area will be covered by such defects, they have to be taken into account
since they can be very important for biological applications (Grandbois et al.,

1998).

1.2.6 Formation of Lipid Bilayers on different substrates

There are several surfaces on which can easily be formed, these include
glass (Tamm and McConnell, [1985), quartz (Cremer and Boxer, [1999), mica
(Richter and Brisson, 2005), silica (Briand et al.,[2010), (Hoyo et al., 2013) and
many others. form especially easily on surfaces with a high free surface
energy and an associated surface charge. It was shown that the possibility of
bilayer formation on a given substrate depends on the surface charge and the
interaction of the vesicles with the surface. Depending on these interactions the
conditions which support formation of an can vary and can depend on the
ion concentration in solution or on the charged lipids in the vesicles in solution
(Cho et al., 2010).

Apart from the substrates on which lipid bilayers can be formed from
vesicles fusion are non conductive as most conductive surfaces do not support
lipid bilayer formation. These surfaces can be modified using self-assembled
monolayers (SAMk) to change their properties such that lipid bilayer formation
can be achieved. Surfaces which have been used with this approach include
gold (Marques et al.,|2014), silver (Salamon et al.,[1994) or platinum (Puu et al.,
1995). They can be modified with different[SAMs to achieve hybrid lipid mem-
branes (HLMk), tethered lipid bilayers (ILBk) or[SLBk. In the case of HLMS, the
formation uses hydrophobicSAME, which lead to the formation of a lipid mono-
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layer on top of the[SAMk. The formation of [TLBk is driven by [SAMk which are
mainly hydrophilic but include tether molecules which are hydrophobic and
will self-insert into the membrane, thus promoting vesicle adsorption and fu-
sion. First used in the 1990s (Heyse et al., 1995; Raguse et al.,[1998), have
been extensively studied and are in wide use now. Despite their ease of use they
comes with the disadvantage of changing the properties of the compared
to an The layer is more crystalline than a leaflet of a lipid bilayer
which leads to the distal leaflet of the [HLMI being less mobile in comparison
with an making the environment less natural for membrane proteins. In
addition to this, the water layer between the and the support is very thin in
this system making the incorporation of transmembrane proteins difficult and
only achievable for proteins with a small extramembranous domain (Glazier
et al,2000). This can be overcome by using which are hydrophilic and
have a small fraction of a hydrophobic tether inserting into the membrane. The
combination of the hydrophilic surface and the hydrophobic tether leads to a
lipid membrane being formed on top of the such that there is a cushioning
water layer between the substrate and the membrane in which small extramem-
branous domains of proteins can reside. This system resembles the natural
membrane more closely and allows for a more direct comparison (Kastl et al.,
2002). In contrast to the solid supports without a these systems can easily
be formed on conductive surfaces, which allows for the direct electrochemical

investigation of both, the membrane and the associated proteins via the surface.

1.3 manipulation

In order to investigate the behaviour of artificial membranes in a more detailed
and comprehensive way, different ways for the manipulation of have been
developed. The need for these methods arises as vesicles rupturing on a surface

form a continuous without a pattern if the surface properties are not locally
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changed. In addition to that, some membrane proteins stop the formation of an
when they are incorporated into vesicles at a significant concentration (van
Meer et al., 2008). Therefore, methods which allow for the formation of the
with a low concentration of a membrane protein and subsequent concentration
of this protein in pre-defined regions of interest were developed. Here, the
methods for the patterning of and the creation of membrane component

gradients by electrophoresis are discussed.

1.3.1 Patterning of

Several different methods have been used to achieve patterning of SLBs. The
simplest method is the formation of the and subsequent selective removal
of certain regions. The simplest method of achieving the removal of the[SLB] is
mechanical scratching of the surface. This method was used to create barriers
in an and observe the spreading of the into these barriers in different
conditions (Cremer and Boxer, 1999). It was also shown that the mechanically
created barriers could then be closed again through the lowering of the pH and
spreading of the (Cremer et al., [1999).

Mechanical scratching of has obvious short comings such as possible
pattern size and accuracy. Therefore, other methods for the patterning of SLBs
have been developed. Mechanical scratching can be improved by using an[AFM]
tip to achieve the selective removal of the This allows for the resolution of
the pattern to reach the nano scale but leads to complicated experiments and
requires specialised equipment (Shi et al., 2008). Metal patterns on surfaces lead
to a change in the surface properties, such that formation can be inhibited
in regions where the metal has been deposited. The patterning of the metal
can be achieved through standard photolithography (Lee and Nam| 2012 van
Oudenaarden and Boxer, [1999). The pattern size can further be reduced by using
electron beam patterning of the photoresist prior to the deposition of the metal

(Tsai et al., 2008). By forming metal lines with small intersections between the
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lines, non-Brownian diffusion was observed in the [SLBlwhich was formed in the

gaps between the metal.

Despite photolithography being an accurate and reproducible way for the
formation of patterned [SLBk, using photolithography and clean room technol-
ogy to form an individual pattern is time consuming and expensive. Therefore,
other methods for the patterning of [SLBs were developed. Instead of mechan-
ical scratching using tweezers, the selective removal of the can also be
achieved by using stamps on the micro-scale. Such stamps can be made from
polydimethylsiloxane by casting the into molds made by pho-
tolithography (Hovis and Boxer, 2000). Since the stamp removes the in
the regions where the is in contact with the surface, the method can
be extended to the formation of patterned from the same stamp (Hovis
and Boxer, 2000). The overall process is similar to inking and printing with a

conventional stamp.

Stamping for the formation of SLBs can be further improved by not stamping
the directly which requires the sample to be in liquid during the whole
experiment but by stamping other molecules onto the surface which change
the surface properties in specified regions. Different molecules can be stamped
onto the surface. Patterned can be produced in this way to achieve the
selective formation of monolayers and bilayers (Jenkins et al., 2002). In this work,
a stamp was used to print the protein fibronectin onto surfaces (Bernard
et al.,1998). In previous work, this has been used to create corals of and
these patterns were used in combination with electrophoresis (Yoshina-Ishii and

Boxer], 2006).

Other methods of patterning[SLBs include the formation of selectively oxi-
dised surfaces. This leads to varying hydrophilicity across the surface
and therefore formation of in regions of high hydrophilicity and lipid
monolayers in regions of low hydrophilicity. Some lipids have the ability to

cross-link with each other and withstand the removal through detergents. Since
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Figure 1.9: Schematic of electrophoresis in a lipid bilayer. The dye molecules are negatively
charged and move along the electric field which is applied. The final distribution
will be an exponential decay away from the barriers.

the cross-linking can be achieved locally through photomasks, can also
be patterned in this manner (Okazaki et al., 2009). The regions, where the
has been removed can be back-filled using vesicles of different compositions
through ink-jet printing and arrays of with varying composition can be
produced (Yamada et al.,[2013).

1.3.2 Electrophoresis

Initial work on electrophoresis on combined fluorescence recovery after
photobleaching (ERAP) with the application of an electric field in the plane of the
membrane. The bleaching of fluorescent molecules was carried out in a pattern
consisting of several lines and an electric field was applied afterwards. This
allowed for the measurement of the electrophoretic mobility of a combination
of dyes and membrane compositions. In addition to that, when electrically
neutral probes were used, the influence of drag exerted by the liquid onto the
through electroosmosis could also be measured (Stelzle et al., 1992).
When this method is combined with patterned surfaces, such as Brownian
ratchets, molecular separation in an can a be achieved (van Oudenaarden
and Boxer, 1999). Here, a combination of the difference in diffusion coefficient

of two different membrane bound dyes and the application of electrophoresis
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lead to the lateral separation of the two membrane components. This concept
can lead to different applications as the separation of membrane components
not only by their charge, but also by their diffusion coefficient is of great interest
to the scientific community. The concept of electrophoresis used in conjunction
with a patterned is shown in figure where charged dye molecules are

concentrated against a barrier.

It has been shown that not only lipids in the membrane can be manipulated
through electrophoresis, but also membrane bound proteins (Tanaka et al., 2007)
which can even be extended to membrane proteins Cheetham et al.| (2011)). As
this allows for the creation of regions with a high protein concentration, this
could lead to the formation of protein crystals. Such crystals are required for the
determination of the protein structure by diffraction techniques such as X-ray
crystallography. Especially for membrane proteins the formation of crystals has
proven to be very difficult and the structure of many membrane proteins is still
unknown.

Another application of electrophoresis in lipid bilayers is the separation of
membrane components based on their electrophoretic mobility. The idea is very
similar to gel electrophoresis. An[SLBlwhich acts as the matrix is formed, vesicles
with different components are then used to form an at the starting point
where the matrix [SLB was removed and an electric field is applied. As different
molecules have different electrophoretic mobilities in the membrane, this leads
to the formation of bands containing a certain species, as was subsequently

shown using mass spectrometry (Pace et al., 2013).

1.4 Summary, Aims and Outline

The phospholipid membrane plays an important role in the life of many organ-
isms. It can act as barrier, an internal compartmentalisation, or as an ion-selective

channel. Around 60 % of current drug targets are on the surface of the mem-
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brane and are mainly membrane proteins (Overington et al., 2006). This makes
the phospholipid membrane an exciting research area that has been actively
studied for a long time and will remain in the focus of many scientists for a
long time. Here, we also focus on light harvesting proteins within this mem-
brane. These proteins have evolved in certain bacteria and allow them to survive
without the need for oxygen. The combination of several proteins enables the
bacteria to not only generate energy from electromagnetic radiation but also

store it in the form of [ATP|for later use of the organism.

This work aims to widen the understanding of diffusion within the lipid
membrane as this is the main mechanism of transport in vivo. In order to obtain a
better understanding of protein function, it is important to know their structure.
This knowledge is most commonly generated through diffraction experiments
from protein crystals. Such crystals can easily be created from water soluble
proteins but are very difficult to obtain from membrane proteins as these are
not very likely to form crystals within the membrane and, once taken out of
their natural environment, denature, and therefore the information gained is
very hard to interpret. This can be overcome if proteins can be concentrated
and crystallised within their membranous environment. This work presents
new understanding of the transport mechanism used in Brownian ratchets.
Such ratchets can be used to build long channels suitable for membrane protein
transport without the need of a strong electric field as it would be needed
for direct electrophoretic transport. A new approach to the concentration and
trapping of membrane molecules is also presented. Instead of using alternating
electric fields, constant fields and new pattern designs are used to trap membrane
components at different concentrations in pre-defined regions of interest. In
order to develop a read-out method for changes in membrane composition and
protein concentration, surface enhanced Raman spectroscopy is used to show
the potential of determining a variety of membrane properties without the need

for additional markers.
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The methods used in this work are presented in chapter

In chapter |3} diffusion in lipid membranes and Brownian ratchets are inves-
tigated. It is shown in both, calculations and experiment, how the efficiency
of these ratchets is governed by a combination of geometrical properties of the
pattern and external parameters such as the periodicity of the electric field.

Chapter [ presents new approaches towards the build-up and concentration
of membrane components in confined environments. These include the use of
new patterns which allow for shorter experimental times, direct measurement
of binding constants using fluorescence microscopy and new methods for the
use of electrodes with lipid bilayers.

Alternative read-out methods for the characterisation of lipid bilayers and
embedded proteins are presented in chapter 5, It is first discussed why lipid
bilayers containing membrane proteins need new supports. It is then shown how
surface enhanced Raman scattering (SERS) can be used for the determination of

lipid and peptide components in an[SLBl
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Chapter 2

Methods

This chapter gives an introduction to the experimental methods used in this
work. The chapter begins with the formation of lipid bilayers, continues with the
mechanisms used for the investigation of the bilayers, and shows how nanopar-

ticles (NPk) can be used to enhance the signal obtained in Raman spectroscopy.

2.1 Formation of Lipid Bilayers

There are different ways for the formation of solid supported lipid bilayers
(SLBk). They all include the deposition of lipids on a solid which then acts as
the support for the artificial membrane. The lipids can be used in a dispersed
form in a suitable solvent such as methanol or isopropanol. This solution can
then be spin coated onto a support. Depending on the strength of the lipid
solution and the spin coating speed, either single bilayers or stacks of bilayers
can be formed (Mennicke and Salditt, 2002; |[Pompeo et al., 2005). Another way
of depositing the lipids onto the substrate is to disperse the lipids in a water
based solution and to add detergent to the solution. The detergent will stop
the formation of multi-lamellar vesicles (MLV5), dissolve the lipids and will
ensure that patches of lipids form on the surface. When the solution is then
exchanged so that it contains less detergent, the formation of a continuous lipid

bilayer on the substrate is triggered (Mennicke and Salditt, 2002; Pompeo et al.,
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2005; Subramaniam et al.,2005). The method mainly used in this work is the
formation of lipid vesicle solutions which are then brought into contact with the
solid support. Dry lipids are firstly mixed to the desired amounts in a solvent,
such as isopropanol. This is then dried under a continuous stream of nitrogen
for at least 30 min to obtain dried lipids arranged in stacks and sticking to the
wall of the vial, the so called lipid cake. The desired buffer is then added and
the vial is vortexed until there is no lipid left on the wall of the vial and the
solution becomes cloudy. This results in the formation of MLVs. These are
then tip sonicated for a further 30 min in a cooling bath at 4 °C to obtain lipid
vesicles of approximately 25 nm diameter (Zhu et al., 2013). The solution is then
centrifuged at 14 500 g to remove any titanium residue from the sonication tip
and the supernatant is used in the experiments. Lipid vesicles can be stored in a

fridge at 4 °C for up to a week.

The vesicles then adsorb to the surface, fuse, and rupture to form a continuous
lipid bilayer. This process is triggered when the vesicle coverage on the surface

reaches a critical point and the vesicles start interacting with each other.

The way vesicles rupture on a surface is not precisely understood and still
under debate (Hamai et al., 2007} |Richter et al., 2006; Schonherr et al., 2004). There
are different mechanisms which are proposed and both are shown in figure
When the vesicle is attached to the surface, it could open up at one point and
unfold so that the inside of the vesicle forms the distal leaflet of the bilayer
(upper path of figure 2.I). In contrast to that another mechanism is possible
where the vesicle flattens and ruptures at two points and the top part slides to
the side of the bottom layer. This will also result in a continuous lipid bilayer but
with a mixed distribution of the leaflets. For the bottom part of the vesicle the
inner leaflet of the vesicle becomes the distal leaflet of the bilayer while for the
top part of the vesicle the inner leaflet becomes the proximal leaflet of the bilayer
(bottom path of figure 2.1). Despite the fact that the exact rupture mechanism

is not of high importance for some experiments, other experiments rely on the
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Figure 2.1: Vesicle adsorption to a solid support and two different paths of vesicle rupture for
bilayer formation. In both paths the initial surface adsorption is identical. Rupture
then occurs in two different ways: (top) the vesicle opens up at one point and
unravels forming a bilayer patch on the surface; (bottom) the membrane in the
vesicle ruptures at two points and the upper bilayer patch slides over the one below
forming a continuous bilayer patch.

orientation of the contents of the vesicle with the respect to the formed
later. When protein pumps, for example, are incorporated into the vesicle, in
order for them to have a net effect, they need to be incorporated in a preferential
orientation. If this was not the case and every ion pump had a counter part which
was pumping in the opposite direction, no net ion-pumping would occur. For
experiments like this, it is important in which direction the proteins are oriented
on the surface. But so far no conclusive results have been presented which
indicate which mechanism is preferred under which circumstances (Hamai et al.,

2007; Johnson et al., 2002; |[Richter et al., 2006; Richter and Brisson, |2005).
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2.2 Patterning of SLBs

There are several ways of patterning [SLBs. The most obvious way to form a
patterned lipid bilayer is to create a smooth bilayer over a surface and then me-
chanically remove parts of the bilayer, e.g. with tweezers (Cremer and Boxer,
1999; Cremer et al., 1999). This method has obvious disadvantages when it
comes to small or accurate patterns and improvements were needed. The un-
derlying principle for these methods is to change the surface properties in two
domains, one which facilitates bilayer formation and one which stops bilayer
formation. This can be achieved in different ways, by photolithography directly
onto the solid support for the lipid bilayer (Bao et al.,2012; Groves), |{1997), by the
deposition of metals where no bilayer should form (Isai et al., 2008; van Oude+
naarden and Boxer, 1999) or by microcontact printing of a barrier material
(Abraham et al., 2014} Bernard et al., 1998, 2000; Cheetham et al., 2011; Hovis and

Boxer), [2000) or by stamping the lipid bilayer directly (Hovis and Boxer, 2000).

In this work, [1CP|was used in most experiments. As can be seen in figure
the method involves a stamp being made from polydimethylsiloxane (PDMS),
which can be re-used several times. This allows for the cheap production of
several samples. In short, the method works as follows: a photoresist pattern
on a silicon wafer is formed by standard photolithography, the pattern is used
as a mold, which allows for the creation of a master, which is
inked with a fibronectin solution, the solution is then removed and the stamp
is brought into contact with the cover slip which will act as the support, and
tinally the fibronectin is transferred to the cover slip where the stamp and the
glass made contact but not in any other regions. The fibronectin stops bilayer
formation while the bilayer will form on the glass cover slip when a vesicle

solution is added to the system.

This method is not limited to the printing of protein patterns but can also

be used for the blotting of lipid bilayers (Hovis and Boxer, 2000). Different
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Figure 2.2: Principle of [uCP] From top left to bottom right: A silicon wafer is patterned
with a photoresist. The pattern is then used to create a master, which
in turn is being used to stamp fibronectin on a glass cover slip. The fibronectin
inhibits bilayer formation and a lipid bilayer is formed where no fibronectin was
printed.

molecules can also be printed and resolutions of the order of 100nm can be

reached using [uCP| (Michel et al., 2002).

Other methods of pattering lipid bilayers include the partial polymerisation

of an [SLBl and subsequent refilling of the layers removed using a detergent

(Yamada et al., 2013), pre-patterned polymer brushes (Nakai et al., 2010), or air

bubble collapse (Mager and Melosh, 2007) among others.

2.3 Electrophoresis

Electrophoresis is a way to achieve transport within membranes. Electrically
charged molecules in the membrane are moved through an applied external
tield. If the charges are tagged by a dye or fluoresce themselves, their movement
can be monitored using fluorescence microscopy.

The first time this effect was observed for membranes and proteins was
in 1977, when Poo and Robinson showed that concavalin A receptors could

be moved along a cell membrane with an externally applied electric field of

4V cem™! (Poo and Robinson, [1977). Later works achieved determination of the

mobility of the membrane molecules y by measuring steady state drift velocity

using a supported bilayer (Stelzle et al.,[1992). This means a lipid bilayer was
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formed above a solid support such as glass, silicon oxide or silicon. The typical
distance between the bilayer and the support is between 10 A to 15 A and filled
with water molecules (Bayerl and Bloom, |1990; Johnson et al., 1991; Koenig et al.,
1996). The use of a solid support allows the bilayer to keep some of its main
properties such as fluidity and diffusion range of the free membrane (Groves
et al [1997) while it is a well localised and accessible through the surface for
various analytical methods.

Later concentration gradients were used to determine the mobility of flu-
orescently tagged lipids. The gradients were achieved through the ongoing
competition between diffusion and the field induced by the electric field. Put

into an equation this means

%—f = DAC —v - VC, 2.1)

where C is the concentration, D the diffusion coefficient and v the drift velocity

achieved through the electric field. The steady state condition

dC
o5 = 0 (2.2)
and
J=-DVC+vC=0 (2.3)

have to be met, as both the change in concentration and the flux J have to be

zero. Under these conditions, the solution to equation [2.1]is

C(r) = Coe"*/P (2.4)

with r being the position vector in the membrane. This result is not only in-
teresting for the case of DC electric fields but also for alternating fields. The

distribution of the charged particles within the membrane is very similar then.
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The distribution will have a maximum Cp and then decay exponentially. The
general principle of the movement of charged molecules within a lipid bilayer
can be seen in figure Initially the negatively charged dye molecules have
an even distribution along the membrane and will then, under the force of the
externally applied field, move towards the anode. Finally, an exponential decay
in the distribution of charged molecules is reached. Figure [2.3|shows the effect
of an applied electric field after two minutes onto charged fluorescent lipids
within a bilayer. The initially even distribution of negatively charged Texas Red
1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (TxRed) has changed to an

exponential profile against the fibronectin barrier.

The electrophoretic drift velocity can be determined via

v = uzqE, (2.5)

where the mobility y is defined by the Einstein relation

= —m:. (2.6)

When considering bilayer membranes, the drift velocities or the mobility is
reduced by a factor a, which is generally attributed to drag within the mem-
brane (Groves and Boxer, [1995; Stelzle et al., 1992). This factor has so far been
purely experimental, that has no theoretical explanation other than the drag in a

membrane.

Stelzle et al. first discovered this effect and carried out a range of experiments
to find the explanation for this factor (Stelzle et al.,|1992). They ruled out the
possibility of an error due to bleaching of the fluorescent dye as they found
a maximum error of 5% due to bleaching. Also, the concentration of ions in
the buffer was ruled out as an error source. The ions in the buffer form an

oppositely charged cloud around the charged molecules in the bilayer and the
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|
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Figure 2.3: Fibronectin lines produced by [LCP| as barriers to electrophoretic motion of
charged lipids. The field of 62V cm™! was applied in horizontal direction. The
movement of the charged fluorescent molecules can be seen through the increase
of the fluorescence intensity towards the fibronectin barriers.

drag of the cloud that has to move with the charges in the bilayer could have
been responsible for the drag. Using different concentrations of buffer solutions,
no significant difference could be seen. In order to exclude electro-osmotic
effects, oppositely charged types of molecules were used within the bilayer but
no significant difference could be found.

Groves et al. used nitrobenzoxadiazole labelled cholesterol to investi-
gate the influence of electro-osmosis. is fluorescent but uncharged and will
therefore not be affected by the electric fields directly but will be hit randomly
by the molecules from the double layer moving toward the electrode. Their ex-
periment showed that the electro-osmosis has no significant influence on the
movement of the (Groves and Boxer, (1995).

Electrophoresis in lipid bilayers can be used for several applications. Cor-
ralled lipid bilayers in an electric field will have their charged components
moved to one side of the corral, depending on the charge of the respective com-

ponent. Such corrals can be arrayed and allow for the measurement of several
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different quantities or different components in one single experiment. This has
been shown using square bilayers in chromium corrals which were exposed to
electric fields. Fluorescently labelled cholera toxin subunit (CTB) was used as
marker for ganglioside (GM;) tethers in the bilayer. The device had a sensitiv-
ity of up to 1 pmoldm~3, which is ten times higher than previously presented

sensor platforms (Lee and Nam, 2012).

In addition to the electrophoretic force, the electroosmotic force can be used
for transport purposes. It occurs near charged surfaces in fluid with ions in it,
which will form a screening layer. This layer has the opposite charge compared
to the surface and will therefore move into the opposite direction than the
molecules in the surface. Yoshina-Ishii and Boxer used this to move tethered
vesicles to one side and charged lipids to another (Yoshina-Ishii and Boxer, 2006).
Just as the lipid molecules, the tethered vesicles are able to move in an electric
field and the whole process can be reversed and repeated. Han et al. used the
electro-osmotic effect on streptavidin to move it and to then determine its charge.
This was achieved through careful adjustment of the zeta potential until electro-
osmosis and electrophoresis cancel each other out. When this is the case, the zeta
potential of the membrane equals the zeta potential of the protein. The change
of the zeta potential of the bilayer was achieved by using different amounts of
positively charged 1,2-dioleoyl-3-trimethylammonium-propane (Han
et al., 2008).

Applications for electrophoresis in lipid bilayers include not only the move-
ment of bilayer components, but it is also possible to determine the charge
(Poyton and Cremer), 2013) or the zeta potential (Han et al., 2009) of charged
components (e.g. dyes or proteins) in the lipid bilayer. Both methods use the vari-
ation of drift velocity under an electric field to determine the apparent charge of

a molecule in an with the Einstein-Smoluchowski equation, which relates
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the mobility y with the charge of a molecule g:

_ Dge

with the diffusion coefficient D, the elementary charge e, the Boltzmann constant
kg and the temperature T.

Recently, electrophoresis has been used to separate different bilayer com-
ponents which have different electrophoretic mobilities. Firstly, an with
high cholesterol content and therefore low mobility was formed, then a line of
the[SLBlwas removed using a stamp. This region was then refilled with
lipids from vesicles containing a mixture of proteins and lipid dyes. After the
has formed in the line, an electric field was applied to move the charged
components of the in the line into the high cholesterol region of the
Similar to gel electrophoresis, this resulted in a distribution of the different lipids
and proteins according to their electrophoretic mobility. After freeze drying the
samples and using mass spectrometry, it could be shown that the uncharged
lipids had not moved into the high cholesterol region while the charged proteins
and the dye have moved different distances into the matrix. This work shows
how electrophoresis can be used for the separation of membrane components
not just by their charge, but also by their electrophoretic mobility (Pace et al.,
2013).

2.3.1 Double Layer Formation

Whenever a material is brought into a liquid, even if it is uncharged, there is
the possibility of surface charges emerging on the material, e.g. due to chemical
reactions on the surface. Other materials are uncharged in bulk but have a dipole
that is orientated perpendicular to the surface. This can effectively be the same
as a charged top layer on the material. The charges directly adsorbed to the

surface make up the so-called first layer. Then a second layer spontaneously
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forms from the ions in the liquid to shield the charges on the surface. In standard
buffer solutions there are many ions, which can easily form a double layer but
even in purified water, such as Milli-Q®, there a some ions, and a double layer

will still form around charged surfaces.

An exact description of the electrostatic interactions between lipid head
groups and the surrounding fluid is still not available. However, several ap-
proximations have been made and they give some insight on the physics of a
double layer (Israelachvili et al.,[1980). Gouy and Chapman introduced a theory
in which the Poisson equation
Ag(x) = —E2 28)

€r€o

=)
~—

is used. Here ¢ is the electric potential, p the charge density, €y the permittivity
of free space and ¢, the relative permittivity. In an ionic solution the charges p

will be distributed as predicted by the Boltzmann law:

Ziq¢9(x)

= —-N Zic; s 2.9
p(x) quz i€ €Xp ( T (2.9)
The sum is over all types of ions present, c¢; denotes their respective concen-
trations and Z; their charge number. Combining the last to equations for an
electrolyte with only two ions, A" and B#~ the Poisson-Boltzmann equation

is (Cevc and Marsh, [1987)

Ap(x) = % sinh (ZE‘]’;(TX)) . (2.10)

This is a very popular model, but it is limited in its possibilities. The interface
of the bilayer and the water are not respected here and surface polarity is also
neglected. Another shortcoming of this model is the treatment of the short range
interactions; according to the model the attraction of charges at the surface is

infinite. To avoid this problem, the so-called Stern layer, a hard core shell of the
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ions, is introduced. But then the model differs again from reality, in assuming
interactions only between the ions and the water, and simplifies both of them
to be point charges in media of continuous dielectric permittivity. All of these
simplifications make the Gouy-Chapman model valid only for highly diluted

bulk solutions.

Going from theory to experimental applications, Kashimura et al. recently
showed how to use the electric double layer for practical applications (Kashimura
et al., 2011). Here nanogap electrodes were fabricated and then used to control
the diffusion of lipid bilayers. The small gap between two electrodes has been
shown to be able to stop the spreading of a bilayer through it when an electric
field is applied, and open again by turning the electric field off. The field applied
at the electrodes induces a double layer around the electrodes, which in turn is
able to stop the bilayer diffusion.

The combination of electrophoretic and electro-osmotic forces can lead to
the independent control of the composition of the and attached vesicles
even if both are composed of lipids of the same charge (Yoshina-Ishii and Boxer,
2006). The lipid molecules in the are mainly under the influence of the
electrophoretic force while the attached vesicles are moved in the opposite
direction by the electro-osmotic force. This allows for the measurement of
membrane-membrane interactions by moving the vesicles into regions of the
membrane with a different composition than the region they were attached to
initially. In addition to that, the vesicle-vesicle interactions are increased since

the vesicles can be concentrated to a higher relative concentration than initially.

24 Impedance & Cyclic Voltammetry

The proteins involved in the light harvesting process undergo or facilitate redox
processes either in the membrane itself or in the direct environment, as the

proteins themselves are membrane proteins. First measurements on membrane
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enzymes were undertaken on a graphite electrode (Sucheta et al.,1992). Initially

these electrodes were successfully used for different membrane enzymes.

To overcome this problem, modified gold electrodes were developed. They
allow for the enzymes to be incorporated into a membrane while being attached
to an electrode at the same time. The first systems used to do this were self-
assembled monolayer modified electrodes (Kalb et al., 1992; Plant, [1993).
In these systems, a hydrophobic is formed on a conductive (mainly gold)
electrode, rendering the surface conductive and hydrophobic at the same time.
This then allows for the formation of a hybrid lipid membrane (HLM) on the
surface where the distal layer consists of lipids which have their hydrophobic
chains now in contact with the previously formed thus completing the
[HLM! These systems can be used for the determination of the redox properties
of membrane enzymes but have the disadvantage of not leaving enough space
for many transmembrane proteins on the proximal side of the membrane. For
the incorporation of of transmembrane proteins, the can be changed to a
hydrophilic one which is combined with hydrophobic membrane tethers. The
hydrophilic will allow the lipid head groups to be close to the surface
of the solid support while the hydrophobic tethers aide bilayer formation as
they self insert into the hydrophobic core and help to induce vesicle fusion and

rupture.

The formation of a lipid bilayer on a modified gold electrode can be fol-
lowed by impedance spectroscopy. In this process the complex impedance Z is

measured depending on the frequency w and is defined as

, Z(w) = ——2 2.11)

where U is the voltage and I the current. For a resistor this is the same as the
resistance R since a resistor does not change its ratio between applied voltage

and current through the resistor for different frequencies. In contrast to that, the
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Figure 2.4: Schematic of an impedance set-up showing the tethered on a conductive
(Au) support on the left and the equivalent circuit of the membrane and the solution
on the right. The membrane is represented through a capacitor and a resistor in
parallel (Cpr and Ry respectively), the solution is represented by a resistor Rg and
the double layer forming on the solid support is represented through a capacitance
Cp.

impedance of a capacitor is frequency dependant:

Ze(w) = —— (2.12)

where C denotes the capacitance. Complex systems are usually represented by
an equivalent circuit. The representation of an[SLBlon a metal surface is shown
in figure The ions in the double layer above the metal create a capacitance
Cp. The bilayer itself is equivalent to a parallel circuit of a capacitance Cy; and a
resistance Rys. The solution only exhibits a resistance Rs. The impedance of a
circuit consisting of two elements in parallel and two elements in series is given
through
2273

L =7Z1+—"—+4+7Z4. 2.13
"7 4 (2.13)
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When substituting the impedance of a capacitance for Z; and Z; and the impedance

of a resistor for Z3 and Z4, one obtains

1 Rm
7 —

+ Rs. (2.14)

In order to take the fact into account that an is not a perfect bilayer, it can
be modelled by a constant phase element . The impedance of a is

defined as

(2.15)

with Q being the pre factor for the and n being the exponent which is an
empirical factor. For a perfect capacitor n is 1 while 7 is zero for a resistor. To
represent the obtained data, in this work Cole-Cole plots are used, in which
the real part of the admittance Y’ is plotted against the imaginary part of the
admittance Y”’; both are divided by the frequency w. The admittance is defined
as:

Y = (2.16)

1
>

2.5 Finite Element Analysis

Partial differential equations can be solved with finite element analysis (FEA)
with the help of suitable boundary conditions. The whole problem over a given
area (domain) is divided into smaller regions, the finite elements, for which
the problem is solved individually. The solution for the whole domain is then
found using variational methods to minimise the error associated with the

approximation.

The diffusion in a two dimensional lipid membrane is governed by Fick’s
law

J=-DVg¢, (2.17)
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where ] is the diffusive flux and ¢ the concentration of any species. This shows
that diffusion will always work against the concentration of a species into a
certain region, as the diffusive flux is always pointing away from regions of high

concentration.

When an external electric field is applied, the problem can be described with

the Nernst-Planck equation (Han et al., 2008):

ac Dze JA

with t being time, D the diffusion constant, ¢ the concentration of a given species,
z the charge number, e the charge of an electron and T the temperature. This
partial differential equation has to be solved to determine the concentration of

the species of interest at a given time.

In order to solve the partial differential equation, the geometry in question is
divided into smaller domains, the finite elements. This process is called meshing.
In each of the mesh cells the equation will be solved and the solutions will then
be combined to find an overall solution. The degrees of freedom scale with the
amount of mesh cells, therefore the calculations will take longer the more mesh
cells there are in the model. On the other hand, the mesh cells determine the
accuracy to which the problem will be solved. To optimise this trade off between
computational cost and accuracy of the results, the regions which are of least
interest to the experiment can be meshed with larger cells while the regions of

high interest can be meshed with smaller cells.

A good example of the use of the finite element model can be seen in sec-
tion[3.5 In this section finite element modelling is used to determine the concen-

tration of charged molecules of interest in a Brownian Ratchet.
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Figure 2.5: Jablonksi Diagram of a simple fluorescence molecule. The excitation is marked
in blue, the fluorescence in red. IC stands for internal conversion where the molecule
changes its state S; — §; in a non-radiative way, VR denotes vibrational relaxation
of the molecule, again non-radiative.

2.6 Fluorescence Microscopy

The first observations of fluorescence were made in 1560 and 1565 by Bernardino
de Sahagtin and Nicolds Monardes respectively (Acuna et al., 2009). It took a few
hundred years from then until the phenomenon was understood as the change
of the wavelength of light while interacting with a material in 1852 by George
Stokes (Stokes, [1852).

2.6.1 Theoretical Principles

Fluorescence is based on the difference in excited and relaxed states of electrons
in molecules. When a molecule has energy states for electrons with an energy
difference equivalent to the energy of a photon hvey, an electron can change
from the ground state Sy into an excited state S; upon illumination of light of
suitable wavelength. The electron will then, after some time, decay back into
its original state. When this occurs, the electron loses energy and can emit it
in the form of electromagnetic radiation (i. e. light). The energy difference of

the molecular electron levels determine what wavelength the emitted photon
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has. In a more detailed view, as seen in figure the system is excited from
its ground state Sy to an excited electronic state S, through the absorption of a
photon. The grey lines indicate vibrational states. The system is excited into a
higher level of vibrational state and then relaxes back to the vibrational ground
state in S;. From S; the system goes into an energetically lower state S;. Here
the system also goes through vibrational transitions into a vibrational ground
state. From S the system can go to Sy via the emission of a photon. This emitted

photon is of lower energy than the absorbed photon.

Problems with this can occur if the system undergoes too many inter-system
crossings (non radiative decay paths in figure[2.5). These transitions allow for a
non-radiative loss of the energy stored in the excited states. This means that the
system goes back to the ground state without the emission of a photon. The effect
can occur when the molecule of the fluorophore has a high quantum mechanical
probability for these transitions to happen. Sometimes the fluorescence photon
cannot be observed because it is being absorbed before it reaches the detector.
This can be due to several reasons. Firstly, the fluorophore molecules have
electronic transitions which are of a suitable energy difference to absorb photons
emitted by other fluorophores. This effect of self-quenching occurs especially,
when the concentration of fluorophore in a certain region is very high and an
emitted photon there are many other fluorophore molecules in the vicinity of

the emitting fluorophore molecule.

2.6.2 Experimental Details

In an epifluorescence microscope the light source usually is either a white light,
such as a high pressure mercury arc lamp, which is then being filtered by an
excitation filter so that only the relevant part of the electromagnetic spectrum is
transmitted towards the sample, or the light source is a laser which is already

monochromatic and thus removes the need for further filtering of the excitation
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Figure 2.6: Schematic of an epifluorescence microscope. The white light from the light
source is filtered, directed onto the sample where light of a different wavelength is
emitted and passes through a second filter into the CCD where it is detected.

light. The excitation light is then reflected of a dichroic mirror, which reflects
short wavelength light, and focused onto the sample, where it interacts with
the sample and emits light of a longer wavelength. The emitted light is then
being passed through the objective and the dichroic mirror as it is of a longer
wavelength than the excitation light. A charge coupled device (CCD) camera
records the fluorescence photons. The set-up of a fluorescence microscope is

shown in figure

2.6.3 Fluorescence Recovery after Photobleaching

In order to investigate the diffusive behaviour of fluorescent samples, fluores-
cence recovery after photobleaching (FRAP) can be used. This method allows
for the determination of the diffusion coefficient of a fluorescent probe in a
sample. It works through photobleaching of a region of the sample by short
wavelength light (usually UV) which cleaves covalent bonds in the fluorophore
molecules. Subsequently, the recovery of the fluorescence in the same region is
monitored. As can be seen in figure[2.7] initially all fluorophore tagged molecules

are fluorescing (red head groups), after bleaching, the central region is no longer
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Figure 2.7: Schematic of a [ERAPI experiment and the observed fluorescence images. The
top row shows the side view of the lipid bilayer, the bottom row the images as they
would be captured by a fluorescence microscope. For clarity, all lipids in the top row
have been drawn as fluorescently labelled in an experiment this would only be the
case for a small fraction of the molecules. Initially all dye molecules are fluorescent,
after the bleach the molecules in the bleach region are no longer fluorescent. Over
time the bleached molecules exchange with the fluorescent molecules until no
difference between the bleach region and the remaining bilayer can be observed.

fluorescent. In the intermediate state, the bleached lipid molecules have started
to diffuse out of the central bleached region and have been replaced with fluo-
rescing molecules. Finally, the bleached molecules will distribute evenly over
the whole lipid bilayer and the bleached region will no longer be visible. An
overall loss of intensity can sometimes be noted (depending on the reservoir
size of unbleached molecules). The speed at which the fluorescence signal in
the bleached region changes relates to the diffusion constant D of the sample.
As shown in equation the mean square displacement in two dimensions is

proportional to 4Dt, where t is the time the sample is observed for.

The diffusion coefficient is both a measure of the quality of the bilayer itself
and a measure for the chemical interactions between the different molecules in
the lipid bilayer. When the lipid bilayer consists only of one main component
tagged with a small amount of fluorophores, the diffusion coefficient D can
highlight small defects, which otherwise would not be seen optically. The
diffusion coefficient will decrease with an increase in defects as these will hinder

diffusion, which decreases the observed macroscopic diffusion coefficient.
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The diffusion coefficient can be calculated in several different ways. Here
the two methods which were mainly used are explained. Firstly the Axelrod

method and then, secondly the Gaussian method.

In the Axelrod method (Axelrod et al., 1976), the diffusion is measured
directly through the fluorescence counts in the previously bleached region. The
pre-bleach fluorescence counts from the region of interest (ROI) are normalised
to one and the first image after the bleaching process is taken as the zero value.
Then the fluorescence counts are observed while the lipids are free to diffuse.
This recovery curve is then plotted against time and a Box-Lucas curve is fitted

to it (Dodd et al., 2008):
I(t)= A (1 - e—b“—C)) . (2.19)

The parameters are the amplitude of the Box-Lucas curve A, the time constant
b and the offset c. The amplitude A is equivalent to the mobile fraction of the
lipids in the bilayer and gives an indication of both the quality of the bilayer
and the interactions with the underlying substrate. From the time constant b the

diffusion coefficient D can be calculated as follows (Axelrod et al., 1976)

bkr?

P ey

(2.20)

where k is a correction factor for different bleach spot shapes (Gaussian, top-hat,

etc.) and r the radius of the bleach spot.

This method can be expanded to the analysis of two diffusion coefficients,
which can be useful, when the interaction between the proximal leaflet of the
lipid bilayer is strongly interacting with the support and has a significantly
different diffusion coefficient to the distal leaflet. This is done by introducing a

second term in the Box-Lucas curve:

I(t) = A (1 - e—bl<f—ff1>) + A (1 . e—b2<f—62>> . 2.21)
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Here, A and A; are the respective mobile fractions of the two diffusion coeffi-
cients, A1, A» < 1/2 needs to be fulfilled. The time constants b; and b, can now
be used to determine the individual diffusion coefficients.

A second method to determine the diffusion coefficient of a lipid bilayer
using uses the change of the shape of the bleach spot over time. Immedi-
ately after bleaching, a top-hat function for the intensity can be expected. Shortly
thereafter diffusion will change this from a top-hat into a Gaussian distribution.
Initially, this will be a very sharp Gaussian peak, as the bleached lipids diffuse
out of the bleaching region and non-bleached lipids start diffusing in, the Gaus-
sian peak will become wider. Therefore, the full-width-half-maximum (EWHM)
of the Gaussian peak will change from the size of the initial bleach spot to a
larger radius until the difference between noise and the Gaussian peak becomes
too small to obtain fits with reasonable confidence values.

The diffusion coefficient is then obtained from a linear fit of the FWHM I (w)
squared against time. D is then equal to half the slope of the linear fit (Seiffert
and Oppermann, 2005).

This method is more reliable in determining the diffusion coefficient. It will
give more consistent results between different experiments on the same sample
and is less prone to being influenced by changing of parameters such as the
bleach spot size or the bleaching time. In contrast to the Axelrod method, this

method does not return a value for the mobile fraction.

2.7 Dark Field Microscopy

In contrast to bright field imaging, in dark field microscopy the light being
detected is not directly reflected from or transmitted through the sample but is
scattered of it. The principle of a dark field microscope is shown in figure
The central part of the light beam is blocked out by an annular aperture which

only allows the the outer part of the beam to interact with the sample. The light
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Figure 2.8: Dark field microscopy set-up, the light which is being scattered off the sample is
being used for imaging. The light is guided onto the sample such that the central
part of a parallel beam is blocked out, for imaging this central region is then used
to only see the scattered light while blocking out the outer region of beam.

then interacts with the sample and can scatter off the sample. This will result
in the path of the scattered light being changed and going through the central
path where there would be no light otherwise. The outer part of the light is then
blocked out before it goes to the objective by a second aperture. Therefore, only
the scattered light is passed through to the image plane, making the background
of the image appear dark, which has lead to the name of the method.

The main disadvantage of dark field microscopy is its need for a strong
light source for the illumination as most of the light is blocked off and only the
scattered part is being used to form the image. Using dark field scattering allows
for the imaging of different properties than the use of bright field microscopy.
Parts of an object which might be dark in a conventional bright field image
may appear in a dark field image, as they scatter, but do not reflect light, such

as small walls of pits and groves. Also, small particles which scatter light can
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become visible in dark field microscopy. Individual NPk are invisible in bright
tield microscopy (due to their size) but scatter light and can become visible in
the dark field. In addition to that the plasmonic properties of NPs can be made
visible. The scattering of an individual NPl strongly depends on its surrounding,
as the plasmon resonance changes with the refractive index and the possibility

of plasmonic coupling to materials close to the N1

2.8 Plasmonics

The plasmonic nature of metals and semiconductors have been used for a long
time. Different applications of the localised electric field have been shown so
far. These include surface enhanced Raman scattering (SERS), metamaterials,
plasmonic waveguides or plasmonic antennas. They all make use of the same

properties of metals and semiconductors.

2.8.1 Theoretical Background

Electrons in the conduction band of a metal or a semiconductor can move within
the bulk material. An external electric field will therefore displace the electrons in
the free electron plasma from their original position, leaving behind a positively
charged region of the bulk material, whereas the region where the electrons have
moved to is now negatively charged. This will then drive the electrons back
into their original position again, leaving behind a positively charged region
of the bulk material. This oscillation then continues until it is stopped through
damping forces. The quantum of this plasma oscillation is called a “plasmon”.

The energy of a bulk plasmon can be estimated through

E,=hy/—=nh 2.22
p meo wp, ( )
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Figure 2.9: Principle of Raman spectroscopy showing the three different scattering mecha-
nisms possible. The black arrow denotes the absorbed photon and the coloured
arrows denote the scattered photons for the different processes. In Rayleigh scat-
tering the energy of the absorbed and scattered photon is identical while for both
Stokes and Anti Stokes scattering the energy of the scattered photon is different
to the absorbed photon. This energy difference is used to gain information about
the vibrational levels in a molecule.

with 71 being the reduced Planck constant, n the free electron density, e, m the
electron charge and mass, €y the permittivity of free space and w, the plasmon

frequency.

2.8.2 Raman/SERS

In Raman spectroscopy, the inelastic scattering of light is used to obtain informa-
tion about vibrational modes present in the system. From the vibrational modes
more information can then be extracted, such as phase, chemical composition,
bonds or sensing of certain molecules.

Different interactions between the incident photons and the molecules under
investigation are possible in vibrational spectroscopy. Light can interact in
different ways with atoms. An incident photon with the energy hv can be
absorbed by an atom only if the difference between the ground state and the

tirst excited state E; — Ep is less or equal to the energy of the photon:

hv > E1 - Eo. (223)
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Figure 2.10: Vibrations possible for a water molecule. From top left to bottom right the
following vibrations are shown: bending, asymmetric stretch, symmetric stretch,
and the three rotations around the x,y and z axis.

E; — Ey is usually of the order of several electron volts and therefore this condi-
tion is not always met for visual light. Therefore, quantum mechanics does not
allow photons with energies less than E; — Ej to be absorbed and they undergo
scattering processes as shown in figure[2.9] Most of these are elastic scattering
processes resulting in the same energy, and therefore wavelength, for incident
and scattered photons. This process is called Rayleigh scattering and generally
occurs when a photon interacts with particles much smaller than its wavelength,
but can also happen from single molecules. A less likely process (around 1 in
10000000 photons) is Stokes Raman scattering. In this process a molecule ab-
sorbs an incident photon, changes into a virtual energy state, and then goes back
into an energetically higher vibrational state than the original one, and emits
a photon of a different wavelength. The virtual energy levels E; lie below the
molecular excitation levels used in fluorescence microscopy. This shift, which
is generally given in inverse wavelengths (cm™!) is then measured with a spec-
trometer. The difference between the two photons is called the Stokes shift. An
even less likely process is Anti-Stokes scattering. In contrast to Stokes scattering,

the molecule is excited from a vibrational excited state into a virtual energy level
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and then relaxes into an unexcited state. In this case, the wavelength is not red-

but blue-shifted.

Different vibrational modes are possible in different molecules. A straight
molecule like O=C=0 cannot rotate along the C=0 axis as this rotation cannot
be exited. The possible vibrational modes for a water molecule are shown in
figure The two hydrogen atoms can bend against the oxygen, or can stretch
symmetrically or asymmetrically. In addition to that, the whole molecule can

also rotate along all three axis, x, y and z.

Although Raman spectroscopy itself has many advantages and can be used
for Raman microscopy, which gives spatial information with a high resolution,
the inherent problem of the very unlikely Stokes scattering process cannot be
resolved. To get a larger quantum yield, different mechanisms have to be used.
A very promising approach is the use of surface effects. First discovered in
1974 (Fleischmann et al.,[1974), the surface enhanced Raman (SER) effect occurs
on any given rough metal surface. Since then it has become clear that silver and
gold are the most effective substrates for m Their roughness has to be in

the order of the wavelength of the excitation.

The strong and localised electric field produced by the surface plasmons is
very sensitive to changes on or close to the surface of the metal. Very small
changes in the composition or even single molecules passing by the metal island

can be sensed using this effect.

The exact enhancement factor achieved from this process is still under de-
bate in the scientific community. Generally, factors between 100 and 10'? are
published, but the order of around 1000 to 10 000 seems to be accepted in more
recent publications (Kneipp et al., 1997; Ren et al., 2011; Sweetenham et al., 2011}
Weitz et al., [1983).

! Although silver is known to be the better substrate, gold has the advantage of being
chemically much more stable. Thus, especially for biosensors, where quantification can
be very important, gold can be the better choice than silver.
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Not only the exact enhancement factor, but also the exact process underlying
the effect is not agreed upon. Two mechanisms are thought to increase the
signal. First, chemical binding changes the bonds and therefore the polarisability
of the molecules. The influence of this effect is questionable as not all molecules
bind to the surfaces used for and some authors attribute no influence to
it. On the second hand, electrical processes enhance the detected signal. This
effect is generally given more importance and is sometimes referred to as the
only relevant process (Kukushkin et al., 2013). The electric enhancement process
is due to the fact that the signal obtained from a setup is proportional to E*
and this is used by enhancing the incident electric field locally through localised
surface plasmons (LSP5). These are non-propagating electronic excitations in the

free electron gas of the metallic structures.

In this work, the enhancement for was generated using a on a
mirror geometry (Eah et al., 2005). Gold were used in conjunction with
lipid membranes which were on a gold support. This lead to the coupling of
the plasmon of the individual gold NPl to their respective mirror images, as a
charged particle in front of a metallic surface will result in the surface charges
in the metal rearranging in such a way that the particle sees its mirror image in
the surface (Wirth et al., 2014). The coupling of the plasmon leads to a strong
electromagnetic field in the gap between the[NPland its mirror image. As can
be seen in figure the strong field enhancement is produced in the region of
the lipid membrane. Here, an[HLM|was used instead of an[SLBl Vesicles do not
spontaneously rupture and form bilayers on gold surfaces, therefore the surface
had to be changed from being bare gold to hydrophobic The allowed
for the formation of a lipid monolayer on top of the as the hydrophobic
tails of the interact with the hydrophobic tails of the lipid molecules. With
this setup it is possible to sense changes in the lipid membrane with a very high

sensitivity, possibly down to the single molecule level.
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Figure 2.11: Gold [NPlon top of an[HLMl on a gold substrate modified with a[SAMl The
[NPl interacts with its mirror image on the other side of the gold surface and upon
excitation a coupled plasmon (indicated in red) is produced. The size of the [NPI
is not to scale.

For the theoretical analysis of this set-up, it is assumed that the NPl has a
diameter d which is much smaller than the wavelength A of the incident light.
This assumption is used to treat the particle as if it was in a constant electric
tield. Surprisingly this gives very good results already for visible light and
particles of ~100 nm in size although d = A /6. For an ideal NP the extinction
coefficient can be analytically determined and only depends on the permittivity
of the surrounding medium €, the permittivity of the material of the €r
and the volume and shape of the structure. Also, the coupling between the NP5
should be taken into account, as it mainly influences the shape of the plasmon

resonance but also the exact position in the spectrum (Maier, [2010).
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2.8.3 Applications

[SERS was first discovered on chemically roughened silver in 1974 (Fleischmann
et al.,[1974) and the enhancement of the scattered signal was initially attributed
to the aggregation of the detected species on the electrodes surface. It was in
1977 when the effect was explained through an electromagnetic and a charge

transfer effect (Jeanmaire and Van Duyne, 1977; Landau, 1977).

As the enhancement makes Raman spectroscopy much more sensitive,
has found a wide range of applications, whenever the material to be detected is
only available in very small amounts. Structures to obtain a surface enhanced
signal are always based on metals which exhibit surface plasmon resonances.
These can be roughened metal surfaces, or nanostructures. While a rough-
ened metal surface gives the strongest enhancement, it also gives the least spacial
resolution. When either using NPk or -structures, the spatial resolution can be
regained when the spectra are taken from a small amount of hot spots or from
just a single hot spot. Especially the nanostructures have been investigated and

optimised. The influence of size and spacing have been investigated thoroughly

(Grand, [2003).

The approach can be used to a various amount of biophysical and biological
applications. Silver synthesised on the outside cell wall of bacteria have
been used to obtain Raman signals from different bacteria in solution. This has
allowed the researchers to not only reduce the amount of sample needed to
detect bacteria in water, it also allowed for a distinction between E. coli and S.

epidermis (Zhou et al., 2014).

Another way of using[SERSis to determine the binding of ligands to receptors
via the change in scattering spectra, as was shown using the example of biotin

and streptavidin (Galarreta et al., 2011).
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2.8.4 Single Molecule Detection

Despite the fact that bulk Raman spectroscopy needs a large amount of sample
molecules, is a very sensitive technique for molecules close to the surface
which is enhancing the signal. Through the strong enhancement of rough metal
surfaces, especially silver, the sensitivity of Raman spectroscopy can be enhanced
up to the level of single molecules. The first report of applied to single
molecules is from 1997 (Kneipp et al.,[1997), where colloidal silver was used to
detect single molecules of crystal violet. This report took advantage of the silver
particles forming clusters which resulted in a very broad band enhancement and
a strong chemical enhancement. In the same year rhodamine 6G was used as
a proof-of-concept molecule to show that individual silver [NPs can be used to
spectroscopically analyse single molecules (Nie} 1997).

Single molecule resolution has also been reached on bio-molecules. Silver
NPk were used again to demonstrate the ability of to detect individual
hemoglobin protein molecules (Xu et al., [1999). In contrast to the previous
reports, where the chemical enhancement was of importance as well as the
electromagnetic enhancement, here only the latter seems responsible for the
high sensitivity. This becomes especially evident with the main signal stemming
from hemoglobin molecules which are between two[NDk, allowing the plasmons
to couple and lead to an especially strong enhancement in the gap. Here, the

enhancement factor is estimated to be 1019,

2.8.5 Probing Lipid Membranes

The enhancement from[SERS|can also be used to detect small changes in the lipid
membrane. An interesting experiment was carried out, showing the mixture
of lipids from vesicles to hybrid bilayers on nanoshells. Here, deuterated

small unilamellar vesiclces (SUVE) were formed via extrusion from MLVk. A
gold nanoshell with an outer diameter of 85 nm was then used as the source

of the Raman enhancement. The shells were also coated with an from
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hydrogenated lipids. In the Raman spectrum the difference between C-H and
C-D vibrations is clearly visible, which allowed the system to sensitively and in
real-time measure the exchange of deuterated lipids from the to a coated
nanoshell using the C-D vibration line. It was even possible to monitor the
change of lipid composition in real-time, as is a very sensitive analysis

method (Kundu et al., 2009).

Another application of on lipid membranes is the direct imaging of
lipids in a membrane. This allows for a direct imaging of the composition of the
membrane without the need for a lipid dye or a destruction of the membrane in
mass spectroscopy. With the high spatial resolution of it is even possible
to map the distribution of different lipids inside the membrane (Ren et al, 2011).
This idea has also been pursued by other groups and has been combined with
the use of atomic force microscopy (AEM) to obtain height information using the
same instrument as for the spectral information. This was achieved by using an
tip as a light guide towards the sample. Using this method it was possible
to use differently structured substrates to optimise the surface enhancement
obtained through the metal structures. Different molecules such as adenosine
triphosphate and Rhodamine 6G have been assembled in monolayers
and successfully been imaged. In addition to that a lipid bilayer was formed
between the structures and the data from made from 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) were obtained (Sweetenham et al., 2011).

In addition to membrane components, it is also possible to detect their redox
state. To show this, the redox couple NADH/NAD" was embedded into an
[HLMI which was tethered to a gold electrode with ubiquinone terminated thiol
SAME. The ubiquinone mediated the redox reaction between the NADH and
the NAD" as a mimic of the initial stage of the respiratory system. Cycling the
voltage slightly over the respective redox potentials of NADH/NAD" led to
changes in the signal, which were attributed to the redox couple in the

membrane (Ma et al., 2011).
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2.9 Experimental Procedures

This section describes the details of the experiments presented in this work.
It covers the experimental procedures needed to prepare the surfaces, bilayer

formation on different substrates and the details of the simulations.

2.9.1 Surface Preparation

In order to facilitate the formation of surfaces have to be cleaned on a
molecular level and need to be hydrophilic. The glass surfaces used were No. 1
cover slips (thickness between 0.13 mm and 0.16 mm) and were obtained either
from Menzel-Glédser, Germany or from VWR, UK. Initially, the surfaces were
cleaned by sonication in an ultrasonic bath in a 2 % Decon solution, followed
by MilliQ and isopropanol, each for 10 min. Subsequently, the cover slips were
cleaned in a piranha bath (70 % sulphuric acid, 30 % hydrogen peroxide) for
10 min at around 80 °C. Finally, the surfaces were rinsed under a stream of
MilliQ to remove any residual acid on the surfaces. Glass surfaces were stored
in MilliQ and used within a week after preparation.

Polymer surfaces were cleaned using a reflux setup in which isopropanol
was used as a cleaning agent. The samples went through at least five reflux
cycles before they were stored in fresh MilliQ and used within a week.

Gold surfaces on cover slips for cyclic voltammetry and impedance mea-
surements were prepared through template stripping (He et al., 2005; Naumann|
et al 2003; Wang et al, 2010). Here, gold was evaporated onto the template
of a silicon wafer using electron beam evaporation without an adhesive layer
between the gold and the substrate. The glass cover slips were then glued to the
gold surface using the low viscosity epoxy glue epo-tek 377 from Polyscience,
Switzerland. The glass substrates were then mechanically stripped of the sur-
tace when they were needed. As the gold surface which is later used in the

experiment is in contact with the silicon template until it is stripped off and was
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evaporated onto the silicon in a vacuum chamber, these surfaces are intrinsically
clean and do not require further treatment before use. In addition to that, the
surfaces can also be stored for a long time and no deterioration was observed

even after two months.

2.9.2 Vesicle Preparation

The preparation of [SUVk was carried out using tip sonication. Initially, the de-
sired amounts lipids obtained from Avanti Polar Lipids, Alabaster, US, were
taken from a stock solution, which was kept at =20 °C in a 50:50 solution of
isopropanol:chloroform at concentration of 1 mg ml~!. This solution was then
dried under a continuous stream of nitrogen for at least 30 min to remove the
solvents. The lipids were then desiccated for 2 h to remove any residual solvent.
The dried lipid cake was then resuspended in the desired buffer for the experi-
ment, usually phosphate-buffered saline (PBS), to a concentration of 1 mg ml~.
This solution was then vortexed until the lipid cake had fully dispersed and the
solution became cloudy. The solution of MLVk was then tip sonicated for 30 min
to form [SUVE of the desired lipids.

Fluorescent dyes were incorporated into the at different concentrations.
Atto-Tec dyes have a high fluorescence yield and were used at 0.125 mol%. For
TxRed| which has a lower fluorescence yield, the concentration was increased to
0.5mol% while NBD|based dyes were used at 2 mol% as this dye photobleaches

quickly.

Binding Experiments

For the experiments where binding coefficients for different ligand-receptor com-
binations were measured, the composition of the vesicles and their respective
preparation methods were varied as follows.

The cell wall precursor lipid II (Wiedemann et al., 2001) was incorporated

into Egg PC (Avanti Polar Lipids, Alabaster, AL, US) vesicles at a concentration
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of 2mol%. The concentration of was 0.25mol%. The preparation of
the vesicles followed the same protocol as described above. The antibiotic
vancomycin was obtained from Life Technologies, Paisley, UK and was labelled
with boron-dipyrromethene (BODIPY). Vancomycin was dissolved in and
stock solutions were made with a concentration of 10 pmol dm™3. The solutions
of varying concentration were prepared using and kept at 4 °C and used on

the same day.

Biotinylated 18:1-12:0 PS was obtained from Avanti Polar Lipids, Alabaster,
AL, US and was incorporated into the vesicles at a concentration of 0.1 mol%.
Biotin PS is supplied as an ammonium salt and therefore carries a negative
charge and behaves similar to negatively charged fluorescently labelled lipids,
such as [IxRed] in an under the influence of electrophoretic forces. The
fluorescent binding partner in this case was fluorescein isothiocyanate
labelled streptavidin, which was obtained from Life Technologies, Paisley, UK.
Stock solutions were prepared with a concentration of 10nmoldm™ in and

were kept at 4 °C for a maximum of 24 h.

The deoxyribonucleic acid (DNA) strands were synthesised by Eurogentec,
Seraing, Belgium. Three different strands were used, two with cholesterol an-
chors for incorporation into vesicles and one with a fluorescent label but no
cholesterol anchor. The strands with a cholesterol anchor were incorpo-
rated into the vesicles at a concentration of 0.125mol% each. The hybridisation
of such a[DNAl pair in a membrane was shown previously (Pfeiffer et al.,[2004).
The fluorescently labelled [DNA|strands were dissolved in[PBS|to a concentration
of 1umol dm™ and stored at 4 °C until used, the samples were stable over sev-
eral months. The two [DNA]strands incorporated into the lipid membrane were
5-CCC-AGG-CAG-CAC-GGA-GTG-ATA-TAC-AAG-CAA-3’, with a cholesterol
modification at the 5, 5’-TCC-GTG-CTG-CCT-CCC-3” with a cholesterol modi-
fication at the 3’, respectively. The strand with the fluorescent label was
5-TTG-CTT-GTA-TAT-CAC-3’ with an Atto 590 modification at the 5’.
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All binding experiments were carried out in the same way. The was
formed and, where applicable, the charged components were concentrated
into trapping regions using electrophoresis. The electric field was then switched
off and the solutions with different concentrations of the analyte were injected
into the flow cell. After an incubation time of 5 min, the flow cell was rinsed with
a flow speed of 7mlmin~! for 2 min to 4 min until the background fluorescence
had reached a level low enough to obtain a good signal to noise ratio. The

rinsing time was kept constant for each ligand-receptor combination.

2.9.3 Surface Patterning

In addition to cleaning, some surfaces were also patterned to produce the pat-
terned presented in chapters [3|and [} This can be achieved in different
ways such as patterning of a on the surface (Han et al., 2007} Jenkins et al.,
2002), of proteins (Cheetham et al., 2011) or cross linking of polymerisable
lipids (Morigaki et al., 2007). Here, of fibronectin was used to change the
surface properties in some regions, such that no will form where the protein
was deposited.

In order to produce the stamp which was used in the later process of pro-
ducing a protein pattern on a surface, a mold was made first. This was done
by standard UV-lithography of SU-8 on a silicon substrate. The patterned mold
was then silanised using tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane by
evaporation of three droplets at 120 °C in a silanisation chamber. Then
(Dow Corning Sylgard 184) was prepared by mixing 10 parts of monomer solu-
tion with 1 part by weight of the cross linking agent. After thorough mixing the
air bubbles in the solution were removed through desiccation for 30 min.
The was then poured onto the substrate and either left at 50 °C for sev-
eral hours or was cured on a hot plate at 120 °C for 15 min. The resulting
stamp was then stripped of the substrate and was used without further cleaning.

The stamps were then incubated with a fibronectin (Invitrogen, Massachusetts,
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US) solution with a concentration of 0.125mgml™! in After 15 min incu-
bation, the solution was blown off with nitrogen and the stamp was rinsed in
MilliQ without the surface drying out completely. Just before stamping onto
a cleaned substrate, the sample was then blown completely dry and manually
placed onto the substrate. Complete contact between the stamp and the sub-
strate was then induced by gently pressing the stamp onto the sample with a
pair of tweezers. When complete contact was made, the stamp and the substrate
were left in contact for 5 min. The stamp was then carefully removed from the
substrate and the sample was used immediately. Whenever a stamp was used
for the first time, the incubation time of the fibronectin solution on the stamp
was increased to 1h and the first print from a stamp was discarded since the
first print always resulted in prints with defects and of lower quality than any
subsequent prints. Stamps were reused up to 15 times or until deterioration of
the prints was observed. Stock solution of fibronectin in[PBS/was kept at —80 °C

thawed solution was kept at 4 °C, not re-frozen and used within a month.

2.9.4 Bilayer formation and Electrophoresis Experiments

After vesicle preparation, surface cleaning and, when applicable, surface pat-
terning, the vesicle solution was injected into a flow cell. Vesicles and the surface
where then incubated for at least 30 min to achieve vesicle rupture on the sur-
face and the formation of an After the formation of the the vesicle
solution was rinsed with at least 100 volumes of the flow cell at flow rates of up
to 4mlmin~! and the buffer solution was exchanged with MilliQ. This exerts os-
motic pressure on the remaining vesicles on the surface and can induce rupture.
To achieve high quality [SLBk. MilliQ was then rinsed out and exchanged with
the original buffer with another 100 flow cell volumes.

Electrophoresis experiments cannot generally be carried out in buffer solu-
tion. The high salt concentration will result in strong currents and low electric

fields and therefore a small electrophoretic force. This can be overcome by either
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special flow cell designs or by exchange of the buffer solution with MilliQ (Mon-
son et al., 2011). Here, the buffer solution was exchanged with MilliQ by rinsing
with another 100 flow cell volumes. The current was monitored throughout the
experiments and was kept below 30 pA. The field was applied through two plat-
inum wires in the flow cell. The platinum wires were 3.05 cm apart, the voltage

applied was 190V and the field strength therefore was 62 V. em™!.

2.9.5 Surface Modification

For the formation of[HLMk and tethered lipid bilayers, the surfaces used had to
be modified by to form a monolayer of lipids on the or tether the
membrane to a gold surface.

The formation of [HLMk for experiments was carried out using 1-
octadecanethiol as a molecule. The gold surfaces used were pro-
duced by the evaporation of 150 nm thick gold layers onto silicon substrates
with 5nm chromium as an adhesive layer. The was formed by dissolv-
ing 5mM in ethanol and incubating the gold surface in the solution
for several hours. Excess molecules were removed by thorough rinsing
with ethanol. The surfaces were stored up to a week and before used rinsed
with MilliQ. The were characterised using ellipsometry and contact angle
measurements. The thickness was determined to be 2 nm and the water contact
angle was measured to be 110° advancing and 104° receeding which is in good
agreement with literature values of 1.8 nm thickness (Jenkins et al., 2002) and
115° and 102° for the advancing and receeding contact angle respectively (Abe
et al.,2000).

Tethered lipid bilayers on gold were formed through the use of a mixture of
[SAME. The molecules used for this were EO;3 cholesterol and 2-mercaptoethanol.
The two components were mixed in a ratio 2:3 in isopropanol to a concentration
of 1 mM. Gold surfaces were then immersed in the solution for 1 h. Remaining

molecules were then rinsed of with isopropanol and the surfaces were
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used immediately after preparation. This protocols results in the formation of a
mixed SAM were the 2-mercaptoethanol acts as a spacer between the gold and
the tethered bilayer and the EO3 cholesterol provides hydrophobic anchors for
the tethered bilayer. The cholesterol molecules will replace some lipids in the
proximal leaflet making while the distal leaflet remains a layer completely made
from lipids.

Polymer surfaces for the formation of were grown on both gold and
glass substrates. Growth was achieved through atom-transfer radical-polymerisation

(ATRP) by the Armes group at the University of Sheffield (Blakeston et al.,2015).

2.9.6 Raman Experiments

Vesicles for experiments were formed using 20 mol% and 80 mol%
1-palmitoyl-2-oleoylphosphatidylcholine (POPC). The gold NIk have a negative
zeta potential of around —40mV (Mocanu et al., 2009). The positive charge
from the lipids in the [HLM]| lead to binding of the to the HLM
(Pornpattananangkul et al., 2010). The gold were observed through dark
tield microscopy and despite vibrations of the particles being observed, no net
movement of the NPk across the surface was seen, indicating the formation of
positively charged regions in the under the in which the were
bound.

The incubation time of the vesicles for[HLM|formation was increased over
the incubation time on glass substrates. The vesicles were left in the flow
cell for at least 2h which lead to reliable formation of [HLMk consisting of
the pre-formed and the lipid monolayer. The gold with a diameter
of 80 nm were obtained from BBI solutions, Cardiff, UK at a concentration of
1.10 x 10' particles/ml or 2.89 mol ™! of gold. The solution was diluted with
1:9 with and then injected into the flow cell. The were incubated on
the HLM  for at least 30 min the solution containing the was then rinsed out
with
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Raman spectra were obtained with an acquisition time of 0.5s and with a
10 mW laser with a wavelength of 680 nm. The spectra were smoothed using a
Savitzky-Golay filter. The baseline was determined for each set of experiments

and subtracted from each spectrum.

2.9.7 Finite Element Calculations

To predict the behaviour of charged components in an under the influence
of an external electric field and diffusion within the membrane [FEAlwas used.
The patterns under investigation were designed in COMSOL® Multiphysics
and the were simplified to 2D fluid geometries. Since the
applied fields in the electrophoresis experiments are in parallel to the membrane,
the assumption that no lipids leave or enter the membrane and are therefore

confined to the 2D plane is reasonable.

The patterns were meshed using triangular meshes. The minimum mesh
element size was always kept smaller than a third of the smallest feature in the
pattern and the maximum mesh element size was set to 20 pm. The “chemical
reaction engineering module” was used to set up the simulations. The com-
bination of the “transport of diluted species” package with the “electrostatics”
package allowed for the calculation of electric fields while at the same time the
electrophoretic force on charged membrane components was calculated. The dif-
fusion coefficient used by the simulation was set to 1.5 pym?s™!, the charge was
-1 elemental charge per molecule and the surface concentration of charged lipids
was set to 1 mol%. To simulate the influence of an external electric field, the elec-
tric potential was changed across the y dimension of the simulation plane. The

potential was calculated through

P(y) =A-y-pw (2.24)
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where A denotes the amplitude of the electric field (6.2Vmm™!) and pwisa

piecewise function which was defined as

—1 : concentration for t < 1
pw(t) =4 1 :reversal of the electric field for t; < t < t;
0 : free diffusion for t, < t

For cases where the reversal of the field and the free diffusion were not in-
vestigated the piecewise function was replaced by a constant of either -1 or 1,
depending on the direction of the electric field.

The potential, as described above, was applied to all simulation domains.
The outside boundaries of the patterns were defined as no flux boundaries while
flux through inner boundaries was allowed. The surface concentration ¢ was
then measured as a function of time in pre-defined regions of interest as a surface
integral. The surface integral was normalised to the initial surface integral of the

surface concentration to obtain a relative concentration.
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Chapter 3

Diffusion in Lipid Membranes

Diffusion in biological membranes is the main means of transportation within
the membrane for both lipids and proteins residing in the membrane. Mem-
brane proteins can recruit specific lipids in their surroundings and membrane
properties can changed according to local diffusion coefficients. Even the en-
ergy transfer via ubiquinones is achieved through diffusion of these molecules
in the hydrophobic core of the membrane. Therefore, it is important to under-
stand diffusion in the membrane and how free diffusion interacts with external
forces. Here, the experimental determination of the diffusion coefficient is dis-
cussed first, then special cases of diffusion in a membrane are shown, and finally

Brownian ratchets for transporting membrane components are presented.

3.1 Measuring Diffusion in a Lipid Bilayer

In order to understand diffusion of lipids in[SLBE better, it is important to know
how the diffusion coefficient in the membrane varies with different parameters.
Typically, ERAPI (see section experiments are carried out to measure the
diffusion coefficient of fluorescently tagged components in the membrane. There
is a variety of methods for the analysis of the experimental data: direct recording
of the intensity in the bleaching area (Axelrod et al., 1976; Soumpasis, 1983),
evaluating the change in the of the bleach spot (Seiffert and Oppermann,

83
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2005) or by spatial Fourier analysis (Isay and Jacobson, 1991). The first method,
known as the Axelrod method and used widely, is further investigated here.
Where firstly the influence of different parameters on the measured diffusion
coefficient D is determined and secondly the variation in D with different dyes

is shown.

3.1.1 Effect of the Bleach Time

When using a mercury arc lamp to bleach the fluorescence in a specific region of a
lipid bilayer, the fluorophore molecules are not all bleached instantaneously but
follow an exponential decay of remaining fluorescence with increase bleach time.
To get a measure of the effect of the bleach time on the remaining fluorescence
intensity, a lipid bilayer was formed and the remaining fluorescence intensity
I, was measured for different bleach times. The background was accounted for
using
_ () = 1y

L(t) = o1, (3.1)

where [, is the measured intensity after bleaching, I is the background fluo-
rescence and Ij is the initial fluorescence intensity from the same spot. I, was
determined by measuring the intensity of areas without fluorescing molecules,
i.e. regions where no was formed due to the patterning imposed on the
membrane. The remaining intensity was then plotted against the bleaching time
in figure The graph shows that the remaining fluorescence does not reach
0 intensity. This is due to continuous back diffusion into the bleaching region.
Therefore, the maximum bleach reached in the central region depends on the
intensity of the lamp as this is directly related to the turn over of fluorescent to
non-fluorescent molecules. The data points from this curve where then used to

create a chemical reaction model in . This meant solving a modified
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Figure 3.1: Experimentally determined remaining intensity I, vs. bleaching time when a
lipid bilayer is bleached with the same intensity for different times. The fit used
is an exponential decay, the decay constant and the remaining intensity due to
diffusion were obtained from the fit.

diffusion equation with a sink term to account for non-conservation

% +V - (=DVc) =R;, 3.2)

which included a reaction term R; in the bleach spot region. This reaction term
was used as a representation of the bleaching process. Initial values were such
that the whole simulated area had a fluorophore concentration of 1molm=.
The reaction parameter R; was determined from the interpolation of the data
shown in figure The simulation was set up to be a square with a side length
of 400 pm and the bleach spot region had a radius of 28 pym. The layout of
the simulation is shown in figure The diffusion coefficient defined for the
fluorophore in the simulation was 1um?s~!. The bleach time was then varied
from 5s to 180s and the recovery in the bleach spot area was monitored for
20min. As an example, the recovery curves for a very short bleaching time
(5s) and a long bleaching time (180s) are shown in figure This shows a

clear difference in the two different bleaching times. While for the very short
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Figure 3.2: Simulation layout for bleaching calculations in the x and y axis are
given in pm. The blue region shows the simulated bleach spot with a radius r of
28 pm.
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Figure 3.3: Simulated recovery curves in the bleach spot from [COMSOIl The recovery
curve is taken from the bleach spot and shown here for two different bleaching
times. For short bleaching times a significant fraction of the fluorescent molecules
remains active.
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bleaching time the bleach is not complete and the recovery starts at around
75 %, the longer bleaching time shows an almost complete bleach as in the

experimental data.

To obtain the respective diffusion coefficients, the data from the different

bleaching times was then fitted to a Box-Lucas curve:
I(t) = MF(1—e (=97, (3.3)

with MF being the perceived mobile fraction, T the time constant and ¢ a cor-
rection parameter for finite bleaching times. As the mobile fraction should be
unity, since there is no immobile fraction in this simulation, the mobile fraction
was set to be 100 %. This assumption can be made despite the finite size of the
calculation region. When bleached molecules are confined within the calculation
region, these cannot become fluorescent again and would appear as an immo-
bile fraction. The bleach spot size of the calculations was 1.5 % of the overall
pattern size and the overall area was scaled with the bleach spot area. Therefore,
the assumption of having 100 % mobile fraction can be justified. In addition to
that, the value for c when fitting equation 3.3l was monitored for the variation
of the bleaching times. The results of the fit for c can be seen in figure As
c scales linearly with the bleaching time and therefore accounts for changes in
finite bleaching times. Negative numbers for c indicate an incomplete bleach
of the region of interested due to too short bleach times to achieve complete

bleaching of all fluorescent molecules.

The diffusion coefficient D was calculated from the fitted value for T and the

known radius of the bleach area r

r2T

and was plotted for the different bleaching times. As can be seen from figure
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Figure 3.4: Value of the correction factor for finite bleaching time in the Box-Lucas fit (see
equation ¢ for different bleach times determined from the fit of the recovery
in the central bleaching region of the simulated data.

1.1

—
(=)
o

0.95 -

Diffusion Coefficient /um?/s

0.9 T T TN N [N TR TR TN TN T TR T T N T Y N
0 50 100 150 200
Bleaching Time /s

Figure 3.5: Observed variation of D from simulation data with increasing bleaching times
determined by the Axelrod method. The observed diffusion coefficient increases
slightly with increased bleaching times.
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the variation of D with changing bleaching time is negligible. From the shortest
to the longest bleaching time, the difference in D is around 4 %. This small
change in D is small compared to any other experimental error. Therefore,
the calculations predict that the bleaching time and any associated incomplete

bleaching should not influence the diffusion coefficient.

3.1.2 Experimental Effect of Bleaching Time and Spot Size on

Diffusion Coefficient

To check the predictions and validity of the models used for the fitting of the
diffusion coefficient, experiments were carried out. The same composition
of lipid, 99.5 mol% and 0.5mol% was used in several experiments
to form a lipid bilayer on a glass support. The bilayer was then either bleached
with a constant bleach spot diameter of 27 pm (constant spot, varying bleaching
time) or bleached with a constant bleach time of 30s (constant time, variable
spot size).

For the experimental results, the Axelrod method was used as before for the
simulations to determine the diffusion coefficient D. First, the bleaching time
was kept constant while the size of the bleach spot was varied. The result of the
tits is shown in figure It can be seen that the diffusion coefficient seems to
vary with the bleach spot size used for the experiment. This is counter-intuitive
as the Axelrod method uses the parameter 7 from the fit of the equation 3.3]and
calculates D through equation 3.4/ which takes the radius of the bleach spot r
into account. Despite this it can be seen that the measured diffusion coefficient
increases with an increase in the bleach spot diameter. The behaviour seems to
indicate that the measured diffusion coefficient eventually levels off for very
large bleach spot sizes. This is especially interesting as one might have assumed
that smaller bleach spots result in higher values of the diffusion coefficient since

small defects in the bilayer become more noticeable on a larger scale.
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Figure 3.6: Experimentally obtained diffusion coefficients D obtained from the same sample
using different bleach spot sizes. As the bleach spot diameter increases, the
observed diffusion coefficient increases as well. The bleach time was kept constant
at 30s.
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Figure 3.7: Experimental influence of the bleach time on the apparent diffusion coefficient
as obtained from the Axelrod method. For short bleach times the observed diffusion
coefficient is almost constant while it decreases for longer bleach times. The bleach
spot diameter was kept constant at 27 pm.

In addition to the previous experiments, the effect of the bleaching time
on the diffusion coefficient was also measured. An increasing bleach time in
experiment seems, in contrast to the simulation, result in a decrease in the

observed diffusion coefficient. The decay seems to follow an exponential curve.
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Figure 3.8: Experimentally observed influence of the bleach spot size and the bleaching time
on the diffusion coefficient D. The influence of the bleach time and the bleach spot

size on the observed diffusion coefficient shows a trend for all of the experimental
data.

This is showing that, despite of fitting the parameter c the finite bleach time is
not accounted for. The bleach time should therefore be kept as short as possible
while still achieving a reasonable signal to noise ratio.

The combination of the results of variable bleaching time and bleach spot size
into one graph, a clear trend in the effect of both, bleaching time and spot size
on the diffusion coefficient can be seen in figure The diagram shows how
the apparent diffusion coefficient increases for larger bleach spots and shorter

bleaching times while being minimal for small bleach spots and longer bleaching

times.

3.1.3 Variation of Dye Molecules

Although the general assumption that labelled lipids behave like their non-
labelled counterparts is made in the literature, this assumption does not always
hold. It has been shown that interacts with the membrane (Skaug et al.,
2009, 2011), and that different labels interact differently with lipid bilayers

(Hughes et al., 2014). In a similar approach as taken in the work by Hughes et al.,
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Figure 3.9: Diffusion coefficient determined by the Axelrod method and the measurement
of the change of the of the bleach spot area over time from experimental
data for different dyes. The error bars represent the standard deviation from at
least five bleach experiments per sample.

the interaction of different dyes with a lipid bilayer is measured here. In contrast
to the previous work, which was only looking at the interaction of water soluble
dyes with membranes in the same solution, here the interaction of lipid bound

dyes with the membrane is measured.

A variety of has been prepared using as the main component
and 1 mol % or 2mol % of dye molecules. The dyes used were the head group
labelled Atto 590 DOPE, Atto 488 DOPE, Oregon Green DHPE, Texas Red
DHPE, the tail group labelled NBD PC (NBD C6) and the lipophilic dye 4-
(4-(didecylamino)styryl)-n-methylpyridinium iodide (D291)). The dyes cover
different types of dyes, different attachment sites and different lipids they are
attached to. If the assumption that the dye, when incorporated to a small amount,
does not interact with the lipid membrane was true, the measured diffusion
coefficients for all the dyes should be identical, as the host membrane always
consisted of the same lipid, At least three separate FRAPI measurements

were carried out for each dye and the experimental data was analysed using

the Axelrod method with a Box-Lucas fit (Axelrod et al., 1976) and the by
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measuring the change in the over time (Seiffert and Oppermann, 2005).
Despite the two different methods giving different results for each dye, the
trend for the different dyes was the same for both of them. Figure 3.9/ shows
the diffusion coefficients obtained, it can be seen that even the two Atto dyes
have significantly different diffusion coefficients, despite them being based on
the same chemistry and being attached to the same lipid. The tail group labelled
Co6 is diffusing faster than some of the head group labelled lipids but there
seems to be no systematic difference here. The slowest diffusion coefficient was
observed for This may be due to the fact that this dye is not attached to a
lipid but a lipophilic dye. Despite its clearly different behaviour compared to
the rest of the lipids, and therefore probably also to the rest of the membrane, it
can be a useful probe as it is one of the few positively charged dyes. The two
methods for analysis seem to have a systematic difference between them. The
Axelrod method always results in small diffusion coefficients than the

method although the same data was analysed in both cases.

This shows again the importance of the dye in the membrane and the correc-
tion for experimental conditions when diffusion coefficients between different
experiments are compared. Even though the lipid was the same in all experi-
ments, the difference in measured diffusion coefficients was up to a factor of

four.

3.2 Special Cases of Diffusion in a Membrane

In addition to the regular two-dimensional diffusion discussed previously, there
are also some specific cases in which this behaviour changes. These cases are

discussed in the following section.
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3.2.1 Low Dimensional Diffusion

Although the lipid bilayer is a two dimensional sheet in which free diffusion can
happen in both dimensions, this can be restricted further. In order to achieve
diffusion in less dimensions, the movement in one of the dimensions has to
be restricted. This can be achieved in different ways. It has been shown in
the literature that small metal barriers effectively hinder diffusion in the lipid
bilayer. Such small barriers can be produced on the nano scale using either
electron beam or interference lithography (Tsai et al., 2008), or by the removal
of thin bilayer-lines using an [AFM] tip (Shi et al., 2008). When a lipid bilayer
is formed between these barriers, it can be shown that diffusion parallel to the
barriers is much faster than the diffusion across the barriers. Through the use of
thin chromium barriers it was shown that the diffusion coefficient perpendicular
to the barriers can be tuned by a variation of the gap size between the barriers,
while titanium barriers have proven to be less suitable for this task (Isai et al.,

2008).

Another way of experimentally limiting the diffusion in a membrane to effec-
tively one dimension is the creation of thin lines of through the deposition
of the lipid of an[AEM]tip. Similar experiments have been carried out using dip
pen nanolithography (DPN)), where a tip is moved into an ink reservoir region
and then moved towards a writing region (Jackson and Groves| 2004; Lenhert
et al., 2010). This process can be parallelised by the use of multiple tips and
multiple reservoirs at one time (Lenhert et al, 2007). A combination of differ-
ent microscopy methods has shown that the lipids can also form stacks on the
substrate and that a monolayer of lipids on the hydrophilic substrate forms a
wetting layer while further bilayers form on top (Hirtz et al., 2011). This method
can also be expanded to different substrates such as graphene, where the lipids

form inverse bilayers in air and monolayers when hydrated (Hirtz et al., 2013).

To deposit similarly small patterns of lipids, a similar approach was used

here; lipids were dried from solvent onto an tip. When rehydrated, the
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tip can be used to draw a pattern of lipid onto the substrate. The pattern of
lipid follows the path of the tip and is stable for a long time so that further

experiments can be conducted on these patterns.

When lipids are patterned into thin membrane stripes, the diffusion along
these lines is not hindered, but the diffusion across the lines is impossible. This
leads to the bleaching area in a typical experiment looking like an oval
instead of a circle. To investigate this effect further and to be able to compare
theoretical with experimental results, the behaviour was modelled in a [FEA]
model. The model consisted of zig-zag lines which were connected at their
respective ends. This allowed for diffusion along the line but not across from
one line to another. The bleaching was then simulated by generating a region
of 0molm= of the component c in the centre, equivalent to the bleach spot,
while the non bleached region was defined to have a concentration of 1 mol m=.

Diffusion was then monitored in the overall pattern.

As can be seen in figure the initial bleach spot is a circle, which then
changes to an oval over time. Within the lines, the change from a clear cut to a
gradual change of the concentration happens over less than 5 min. This indicates
that diffusion is happening on a similar time scale as before. The line width for
this simulation was set to be 53 nm, for this and the following simulations the
diffusion coefficient was set to be 1.5um?s™! and the spacing of the lines was

scaled according to the line width.

The width of the lines can easily be changed in simulation and can be changed
in experiment through the change of the speed at which the tip is moving over
the surface. This allows for an almost arbitrary change of the constriction of
diffusion from very thin lines up to a line width at which two dimensional
diffusion is happening again.

Figure shows the variation in the apparent diffusion coefficient as deter-

mined by the Axelrod method with varying line width. The diffusion coefficient
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Figure 3.10: Succession of simulated [FRAP]images. Top left shows the intensity distribution
directly after bleaching the bilayer. Top right, bottom left and bottom right are
25s, 75s and 300s after the bleach. The scale bar in each image is 10 ym, the
colour map for the concentration of fluorescently marked molecules used for all
subfigures is shown in on the right and shows the relative surface concentrations
normalised to the initial concentration. On the top of each image is a magnification
of two lines taken from the same region.
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Figure 3.11: Variation of the apparent diffusion coefficient with the variation of the line
width to show the influence of low dimensional diffusion obtained from the [FEA
calculations.
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shows a step like change from one dimensional diffusion, where the apparent
diffusion coefficient is lowered to almost regular two dimensional diffusion,
where the apparent diffusion coefficient increases to almost its bulk value. The
spike in D was not seen in experiment (Heath et al.,|2014) and seems to be an
artefact of the simulation when the finite element cells approach the same size as
the patterned lines. Although the experimental data further reduces its diffusion
coefficient when the lines are thinner, this effect is not seen in the calculations.
The difference between experiment and calculation is most likely due to the sim-
ulation assuming the lipids to occupy a negligible surface area compared to the
pattern size. This is assumption can be made for lines on the micron scale, but
for lines approaching the size of a few lipid head groups, this assumption is no

longer valid.

3.2.2 Reduced Mobility

In previous experiments an effect occurred which was attributed to the reduced
mobility of in the SLBlwhen it was concentrated to a high degree. This
was seen especially in patterns used for AC experiments which were used to gen-
erate regions of high concentration of charged membrane components. Which is
in contrast to simple line patterns in DC experiments where the concentration
reached close to the barrier is not as high as in the concentration region of AC

patterns such as the ones shown in figure and

As can be seen in figure the reduced mobility in an AC experiment
can be seen in regions in which the has been concentrated to a high
degree. This is shown by a fraction of the fluorophore not moving or moving
much slower than the bulk of it. The effect is not predicted by the solution
of the Einstein-Smoluchowski equation, which is calculated by The

difference between experiment and simulation shows that this is an effect which
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Figure 3.12: Reduced mobility as seen in a previous experiment (carried out by Matthew
Cheetham). The left image shows the experimental result while the image on the
right shows the calculated predictions. The difference in the marked area shows a
region of high concentration of [TxRed| which results in reduced electrophoretic
mobility of the fluorophore. The scale bar in the left image is 200 pm.

does not stem from the diffusion and electrophoresis in the membrane but seems

to be a result of concentrating in the membrane.

It was shown previously thatTxRed| can interact with the membrane and
that the head group of it can fold into the membrane instead of being in the
solution above it. Molecular dynamics simulations have shown that the aromatic
head group of [TxRedl interacts with the hydrophobic core of the membrane and
resides approximately 1.5nm away from the centre of the membrane (Skaug
et al.,2009). Using the same method, it was also shown, that[TxRedlalso binds
1.2[DPPC molecules by charge—dipole and dipole-dipole interactions and that
it has a mobility which is 30 % lower than the mobility of (Skaug et al.,
2011).

Here, a different effect was observed, the mobility of a small amount of
the instead of all of the material, is reduced compared to the bulk of
it, which behaves as expected. In order to investigate this further, a simpler
pattern for the was used, which allowed for the concentration of
in a short time (although to a lower relative concentration) in a central region
of interest. The pattern used to investigate the effect is shown in figure [3.13}
the initial concentration of used in these experiments is 1 mol % and the
bilayer is made of
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Figure 3.13: Pattern used for the investigation of the effect of reduced mobility. The electric
field of 62V cm™1! is applied from left to right and causes the charged [TxRed] to
concentrate in the centre. The scale bar is 100 pm

Using this pattern for the recreation of the effect of reduced mobility of
MxRedlin a lipid bilayer was successful. The fluorescence signal detected after
three cycles of an AC field of 62V cm™ for a period of 20 min can be seen in
figure Although all the [[xRed]in the lipid bilayer should have moved to
the left, there is a significant amount of fluorescence signal coming from the
right hand side corner of the trap. The line profile was taken from the central
region of the pattern and shows clearly that the effect of reduced mobility occurs
in the opposite corner of the main concentration, where the concentration of
MxRed|has been high before. When the field is reversed, the region of reduced
mobility also changes the region of the trap in which it occurs, showing that this

effect occurs whenever [[xRed| has been concentrated to a high degree.

The effect does not occur with all lipid dyes. The same experiment as before
was carried out with[NBDJattached to lipid molecules. When 2 mol % of
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine were used in the same
pattern of a[POPC|bilayer and the same field as before was applied, there was
no effect of reduced mobility seen, as shown in figure 3.15 even though the

concentration of NBDlis even higher than the concentration of [[xRed used in
figure 3.14]

As[NBDIDOPE]is attached to a different lipid than [TxRed) which is attached
to 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (DHPE), the experiment

was also carried out using NBDI[DHPEl The experimental conditions were
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Figure 3.14: Experimental images and line profile of an area of reduced mobility in a trap
device. Then line profile on the right hand side shows an increase in fluorescence
over the area of reduced mobility. The image on the bottom shows the region of
reduced mobility on the opposite side of the trap region.

Figure 3.15: In contrast to figure3.14 no reduced mobility is seen, when using
as a dye in the bilayer instead of [TxRedl All other conditions (dye concentration,
field strength and period of the electric field) were kept constant.

Figure 3.16: Fluorescence image of NBDI[DHPE| showing no reduced mobility in contrast
to the experiment where [TxRed| was used. Again, all conditions compared to the
[TxRed| experiment were kept constant.
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Figure 3.17: Comparing the different dyes in a bilayer. The dyes were concentrated in a
central trap and the field was then reversed for five minutes. A line plot of the
fluorescence intensity (normalised for areas under the curves) is given here. The
mobility of the Texas Red is greatly reduced compared to NBD.

identical to the ones for Despite the lipid now being identical to
the IxRedDHPE)] again no reduced mobility was seen.

The results indicate that the reduced mobility is an effect which is unique to
and does not depend on the lipid which it is attached to. The influence
of the can also be seen when the line profiles obtained after a set time of

field reversal between the different dyes are compared.

As seen in figure while shows two peaks, one of “normal” mobil-
ity and one for the reduced mobility, neither of the line profiles for NBDIbased
lipid dyes shows this behaviour. The higher mobility of based dyes can
also be seen, when the speed at which they move under the influence of the
same electrophoretic force is measured. This was done by fitting a Gaussian
curve to the peak corresponding to the non-reduced mobility before the field

reversal and repeating this after three minutes of field reversal, and measuring
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Figure 3.18: Typical line profile and a Gaussian fit used for the determination of the move-
ment of the different dyes. The fit gave the centre of the peak at x¢ = 123 pixels.
The right hand side of the fit does not perfectly coincide with the measured data
because this is the region where the trapping area started.

Dye - Lipid Distance Travelled

NBD DOPE 135.8 ym
NBD DHPE 160.3 pym
Texas Red DHPE 54.0 pm

Table 3.1: Distance travelled by different dye-lipid combinations after three minutes of field
reversal.

the distance in the different dye-lipid combinations have travelled, one example

of the fitting can be seen in figure 3.18|

The distance, which the different dyes cover over the same time, is shown
in table It can easily be seen that based dyes have double to triple
the electrophoretic mobility of This indicates that not only has a
reduced mobility under some circumstances, but also in general is much slower
in electrophoresis, as has been seen in other experiments as well (Cheetham et al.,
2011; van Oudenaarden and Boxer, [1999) where the reduced mobility of
has been given as 0.6 that of the membrane. Here, the reduced electrophoretic

mobility compared to [NBDIbased dyes is between 0.4 and 0.3 for
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and respectively. The difference in behaviour could be due to the two
species of TxRed|which are present in the samples, ortho- and para{TxRed| It was
shown previously that the two species have different electrophoretic mobilities,
even at pH 7.4 (Pace et al.,2013; Poyton and Cremer, 2013). This shows again
that lipids with dyes attached do not behave identical to lipids without the dyes,

although this assumption is often made in the literature.

3.3 Directed Brownian Motion

This section will show how Brownian motion can be combined with electric
tields to result in movement of charged species perpendicular to the electric
tield. Firstly, Brownian motion in general will be discussed. Secondly, the idea
of Brownian ratchets will be introduced. Combining this with electrophoretic
movement in lipid bilayers will result in the ability to move and concentrate

charged membrane components.

3.3.1 Discrete Diffusion

First discovered in pollen movement in 1827 by the Scottish botanist Robert
Brown, Brownian motion was first thought to be some kind of life on the small
scale. It quickly turned out that Brownian motion strongly depends on tempera-
ture and the material looked at. Molecules or particles which are free to move
(i.e. not in a solid but in either a liquid or a gas) undergo the process of so called
Brownian motion. In this process the particles or molecules are randomly hit by
other molecules which move around due to the energy each of them has through
temperature. This results in a random motion of particles in either liquids or
gases.

When looking at a single particle undergoing a random walk in one dimen-
sion, in each time interval ¢; the particle can either do one step to the left or a

step to the right. The discrete steps are measured in distances I along the x-axis.
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Without loss of generality we can assume that the number of steps taken 7 is
even. In order to have arrived at the position x,, = ml, the particle must have
taken 3(n + m) steps in positive x direction and (n — m) steps in negative x
direction. The probability p to find the particle at a given position x,, after n

steps can therefore be written as

n!

pn(m) = (%(n+m)>!< (n_m)>!. (3.5)

N|—

Stirling’s approximation x! & v/27tn (£)" can be used for large values of 7 and

m, resulting in

2
P”(m) = \/ﬁe n ., (36)

This is the well known Gaussian distribution centered around m = 0, with a

mean square displacement (m%) = ; in terms of x the mean square displacement

is (x?) = nl?.

3.3.2 Continuous Diffusion

Instead of finite steps [ we can also use a continuous space variable x; the number
of steps n is replaced by the time ¢, assuming there are n jumps in t. Thus, a

probability distribution over space and time

p(x,t) = \/me_ﬁ (3.7)
is obtained, where the diffusion coefficient D = ”z—l: was introduced. The mean

square displacement in terms of x is now

(x*) = 2Dt. (3.8)
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This can easily be expanded to more than just one dimension. With the extra

degrees of freedom, the mean square displacement scales with dimensionality

(x35) = 2Dt (3.9)
(x3p) = 4Dt (3.10)
(x3p) = 6Dt (3.11)

In this work most of the cases looked at are diffusion in two dimensions,
thus (x35) is governing the time dependence of the displacement of the material
in question. Even if molecules are initially concentrated through an external
force, this concentration will soon start dispersing, as the molecules will start
spreading out over a bigger area with increasing time. This effect is increased

through Fick’s law of diffusion:
J=-DVy¢, (3.12)

with the diffusive flux J, the diffusion coefficient D, and the density of the diffu-
sion material ¢. This means that there is a net flux away from areas with a high
concentration gradient (V¢) of a certain species driving the overall concentration

into an equilibrium with an even distribution of all of the molecules.

The previous results can be combined into the diffusion equation. The
continuity equation

d¢p _
o TVI=0. (3.13)

states that any change in the concentration of the diffusing material must be
equal to the (negative) flow of material. This is called the continuity equation

as it states that no material is either generated or destroyed. Using Fick’s first

law and substituting J into gives:

%—‘f +V-(=DV¢) =0 (3.14)



Diffusion in Lipid Membranes 106

In this equation the assumption is made that the diffusion coefficient is isotropic.
Despite this not always being the case, it is the case in[SLBk and therefore this
can be justified for this case. Assuming that D is a constant and not depending

on either density or spatial position, this equation can be further simplified to

a"’gi’t) = DV2(x, t). (3.15)

When an external electric field is applied to charged material, it is not only
undergoing free diffusion, but also drift due to the electric field. The combination
of drift and diffusion is accounted for in the Smoluchowski equation. It also
can be derived from the continuity equation 3.13| (for this case no generation or
consumption of material is assumed). The difference now is that the flux J is

written as the sum of two fluxes:

J = jdiffusion + jdrift (3 16)

jdrift = VO, (3.17)

where v denotes the velocity of the material.

With the diffusional flux still being the same as in the continuity equa-
tion can be written as:

aa—(f—l—v-(—Dch—l—vgb)) =0 (3.18)

This equation does not take into account what causes the drift velocity but is
a mere description of the effects of drift onto diffusion. Solving this differen-
tial equation allows for an accurate prediction of the behaviour of diffusing

molecules.
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Figure 3.19: Brownian ratchet as proposed by Smoluchowski and discussed by Feynman.
The paddlewheel on the left can get hit by molecules and thus rotate. The ratchet
and pawl system on the right allows only for clockwise rotation and stops any
anti-clockwise movement. Thus the ratchet can do work, like lifting the mass in
the centre up.

3.4 Brownian Ratchets & Parrondo’s Paradox

This section introduces Brownian ratchets and how they can be used to transport
charged membrane components perpendicular to an applied electric field. It is
also shown how these ratchets relate to Parrondo’s paradox, which states that
two individually losing games can be combined to an overall winning game.

The “games” played here are diffusion and ratcheting in a membrane.

3.4.1 Brownian Ratchets

Brownian ratchets are built on the idea to generate work from Brownian motion
only and therefore cooling down a single reservoir at any given temperature.
The ratchet was investigated first by Smoluchowski in the early 20th century
(Smoluchowski, 1912). This idea has been looked at in quite some detail by
Feynman (Feynman, [1963). He proposed the idea of a microscopic paddlewheel

with a ratchet and a weight on a string. Every time the paddlewheel is hit by
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a molecule undergoing Brownian motion in a way that lifts up the weight, the
paddlewheel moves one step ahead. If it is hit such that the weight would move
down, the ratchet stops its movement so that no downwards movement of the
weight is possible. This should allow for the weight to be lifted up while the
heat reservoir is cooling down without having to rely on a temperature gradient.
If this was possible, it would disprove the second law of thermodynamics, as

stated by Planck (Planck] |1903):

It is impossible to construct an engine which will work in a complete
cycle, and produce no effect except the raising of a weight and cooling

of a heat-reservoir.

After some deeper analysis one finds out that although the manufacturing of
such a device might be possible, it will have to be of the nano scale to be able
to create a net movement from Brownian motion of single molecules. This also
means that the ratchet and pawl device holding the paddlewheel in position
if the paddlewheel was to go backwards also has to be on the nano scale and
is subjected to random hits by the surrounding medium. Therefore the ratchet
will fail every time the ratchet is being hit by a molecule while the paddlewheel
is being hit in the undesired direction. Interestingly, the rate of failure of the
ratchet is identical to the rate of success in the paddlewheel, meaning that no

net movement can be generated (Feynman, (1963).

This effect could be overcome if the ratchet and the paddlewheel were in
two reservoirs which are being kept at different temperatures with the ratchet
and pawl being in the colder one. This would then be a heat engine working
through the temperature difference between the two reservoirs. The warmer
reservoir will cool down over time as the energy will slowly be taken out via
the paddlewheel. The second reservoir could be kept at room temperature, but
as the first reservoir with the paddlewheel approaches room temperature, the

machine would stop working. Therefore external energy is needed to either



Diffusion in Lipid Membranes 109

keep the second reservoir cooler than the first one or to continuously heat up

the first reservoir.

3.4.2 Parrondo’s Paradox

Parrondo’s Paradox states that there is the possibility to combine two losing
games into a single winning one. This may sound counter-intuitive but is based
on the exact probabilities in the two games and works for games where there is
a decision made on the basis of the results of the previous games.

One can imagine two different games, A and B. Game A is a simple coin toss
with the probability of winning pa and the probability of losing the game 1 — pa.
If game A is played with a biased coin, such that p < 3 then game A is a losing
game. For the case discussed here, pp was set to be

1

pPA = 2 — €, (319)

with € being small compared to ps but € > 0. Game B is slightly more compli-
cated than game A. It uses two biased coins and although the starting capital
can be chosen arbitrarily, the choice of the coin used for the next coin toss de-
pends on the current capital M. As expected, the capital is increased by 1, if
the outcome of the coin toss is favourable and decreased by 1 if the outcome is
unfavourable. The first coin c; is used if the current capital M is divisible by
an integer i. If this is not the case, the second coin c; is used. The bias of c; is
such that the probability of winning is pp, = {5 — €. Even if the probability of
winning using c; is greater than 1, this can still be outweighed by the fact that
c1 is used in more of the cases if i is greater than 2. Therefore, pB, can be set to
PB, = % — € and still game B remains an overall losing game.

The games were then “played” in a computer simulation. Each of the results

is an average of playing the games multiple times and averaging the current

capital over these iterations. Firstly, the games A and B were played individually.
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Figure 3.20: Average capital when games A and B are played individually and combined.
The graphs show the average capital of 10.000 iterations obtained when playing
each of the games or the combination of them. The individual games are loosing
games while different combinations show different rates of increase in the average
capital.

Both of the individual games lead to an average loss of money over the time the
games are played for. This can be seen from the black and red line in the graph
for the individual games in figure where the average capital goes down
by about 2 % over 100 played games. This is not the case if the two games are
combined in the right way. When the player switches either randomly between
the two games or plays them in the order AABB the combination of the two
games results in winning game for the player. This results in a win of about
3% in 100 games. The average amount of money owned by the player can be
increased even further when the games are played in the order ABB. The average
result of 100 games then is a win of approximately 12 %. This shows how the
clever combination of two losing games can lead to a new, winning game when
at least one of the games depends on the previous outcome (Harmer and Abbott,

1999; Parrondo et al., 2000).

Although the two “games” which are used in a Brownian ratchet as it has

been used in this work are not alternated in a random way but just as ABAB, still
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Figure 3.21: On the left a DC approach is shown, on the right an AC approach to trans-
porting material is shown. In the DC case transport happens to in the direction
of the electric field, in the AC case transport is achieved perpendicular to the
electric field.

a winning game can be created from two individually losing games. The target,
defined here as “winning” is the transport of a charged molecule perpendicular
to an electric field. Transport in such a way allows for the electrodes to be
much closer to the device used than in a more classical DC approach, where
charged molecules are moved in the direction of the field. The DC approach
requires the electrodes to be at least as far away from each other as the transport
distance is. Using the ratchet approach, this can be minimised to the width of
the ratchet. Such a small distance between the electrodes not only allows for
a miniaturisation of the device, it also allows for a lower voltage which has to
be applied to the electrodes, in order to still achieve the same field strengths as
before.

The two “games”, which are “played” here, are free diffusion and movement
into the ratchet under an electric field and winning is defined as the transport of
charged molecules. Both of these games individually are losing games as neither
of them results in effective transport perpendicular to the electric field. When
the two “games” are combined into one overall game, efficient transport can be
achieved. Figure shows the working principle of a Brownian ratchet. Firstly,
charged material is concentrated into the ratchet and has a sharp Gaussian
distribution in the bottom of the ratchet. Then the charged material is moved out

of the ratchet and free diffusion starts to happen which results in the Gaussian
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Figure 3.22: Principle of a Brownian ratchet used here. After charged molecules are con-
centrated into a ratchet and have a sharp Gaussian distribution in the bottom of
the ratchet (left) the direction of the electric field is reversed and movement out
of the ratchet starts to happen. During this time free diffusion can also happen
and the Gaussian distribution widens. When the field is then reversed (right),
the part of the Gaussian distribution that goes over the ratchet is " cut off’ and
goes one ratchet ahead. This is how transport in a ratchet is achieved.

distribution of the charged molecules broadening. When the charged material is
then moved back into the ratchet, the part of the Gaussian distribution that has
diffused over the next ratchet will move one ratchet ahead. The cycle then starts
again and over many cycles transport perpendicular to the electric field can be

achieved.

A simple way to imagine the working principle of two games in terms of a
ratchet is to imagine a flashing ratchet, where the particles are free to diffuse
along a line and this line can be turned into a ratchet shape at given time intervals
(Amengual et al,, 2004; Denisov et al.,[2009; Makhnovskii et al., 2004). When the
ratchet flashes up, the particles will move into the bottom of the individual teeth,
while the ratchet is down, the particles will freely diffuse. A schematic of this
process is shown in figure As the ratchet flashes on and off, the particles are
moving to the right of the ratchet. This process works using two mechanisms.
Firstly the ratchets move all the particles into the bottom of their teeth. From
there, when the ratchet is no longer present, the particles can diffuse freely to the
left or the right. The asymmetry in the ratchet pattern leads to the transport of
particles, as, on average, a particle will much more likely move the equivalent of
one ratchet forward, than one ratchet backwards. After the ratchet is switched

on, a particle that moves half a tooth length to the left will remain in the same
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Figure 3.23: A flashing ratchet moving particles towards the right. The different particles
are diffusing freely while the ratchet is not activated (t = 0, t = 2) and move
into the bottom of the teeth while the ratchet is active (t = 1, t = 3). The
combination of free diffusion and ratcheting potentials leads to a transport of
particles to the right. .

tooth as it was in initially, while a particle which moves half a tooth length to

the right will have moved one “step” forward.

The principle of flashing ratchets can be used in different applications. These
include electrodes doing work in transporting organic molecules (Roeling et al.,
2011), feedback controlled ratchets for improved transport (Lopez et al.,|2008)

and single particle transport (Bao and Zhuo), 1998).

The same principle, which applies to single particles in flashing ratchets
applies to a distribution of material in a ratchet or in a lipid bilayer. The principle
of a Gaussian distribution moving in a ratchet pattern is shown in figure
The overlay of a Gaussian distribution with the ratchet pattern demonstrates
that the biggest fraction of the material in a specific tooth will remain in the
tooth (yellow). Despite this disadvantage, the fraction of the material which will
move forwards (green) is still much larger than the fraction which will move
backwards (red), when one cycle is completed and the material moves back into

the ratchet.



Diffusion in Lipid Membranes 114

0.009

0.008 |
0.007
0.006 |-
0.005 |
0.004 |
0.003 /—\
0.002

0.001 |

0'00—0600 -400 -200 0 200 400 600

Figure 3.24: Gaussian distribution of material in a ratchet overlaid with a Brownian ratchet
pattern. The green fraction of the Gaussian distribution will move one ratchet
forward, the yellow fraction will remain in the same region while the red fraction
will move one step backwards.

Even with such a simple model of a Brownian ratchet, predictions of its
behaviour can be made. When assuming a constant fraction of the amount
of material in a tooth is moving forwards the change in each ratchet can be
calculated. For every cycle it is assumed that the fractions which are marked
in the different colours in figure moves into the predicted region. This
results in the prediction for each tooth shown in figure It can be seen
that initially the transport out of each ratchet is equal to the transport into each
ratchet apart from the first and the last ratchet. Therefore, the concentration
decreases in the first ratchet and the increases in the last ratchet, initially. As
transport continues, not only the first, but also the second tooth starts moving
more material out of the tooth than is being back filled by the previous ratchet.
This process continues until every tooth is emptied and there is equilibrium
between the material diffusion backwards into the second to last tooth and the
material being transported from the second to last tooth into the last tooth (from
cycle 20 onwards).

Brownian ratchets and their possible uses have been investigated in the

literature in some detail. It is possible to separate particles based on their
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Figure 3.25: Calculation of the transport in Brownian ratchets based on a Gaussian distri-
bution in each ratchet. The relative concentration in the last region increases
while the relative concentration in the other regions decreases with the first re-
gions decreasing before the last regions.

diffusion coefficients (Astumian et al., 1998)), DNA can be transported (Bader
et al., 1999) or separated (Huang et al., 2003) and pores can be used as sieves in
either single channel setups (Verleger et al., 2012) or in parallel through many
pores (Matthias and Miiller, 2003). Brownian ratchets in lipid bilayers are based
on the same principles as ratchets used for different applications and have
been used for molecular separation (van Oudenaarden and Boxer) (1999) and

concentration of membrane components (Cheetham et al.,2011).

3.5 Optimisation of Brownian Ratchets

In order to further understand the influence of different parameters on the effi-
ciency of a Brownian ratchet, different patterns of lipid bilayers were simulated
using finite element analysis. This allows for solving the Nernst-Planck equa-
tion in different geometries and obtain predictions for the behaviour of charged
membrane components under the influence of an electric field and a ratcheting

pattern.
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Figure 3.26: Patterned used for the calculation of transport in a patterned [SLBl Six in-
dividual ratchets are combined into one geometry in [COMSOIl The grey area
represents the region which is simulated as the region, where the effects of
diffusion and electrophoresis are calculated. The outside barriers allow for no flux
through them. The axis are in micro metres and show the overall dimension of
the pattern.

3.5.1 Transportin a Brownian Ratchet

In order to show that a Brownian ratchet can achieve transport perpendicular
to an applied electric field in a lipid membrane, a simple Brownian ratchet was
simulated using the chemical engineering package in[COMSOIl The simulated
device consisted of six ratchets and transport was measured using the average
surface concentration in the last ratchet normalised to the initial concentration

in this ratchet. The layout of the ratchet pattern is shown in figure 3.26|

As discussed in part[2.5]the geometry and the size of the mesh is important
when using [FEAl A too coarse mesh will result in inaccurate results while a
too fine mesh will give accurate results at high computational cost. To achieve
optimal mesh size, the maximum size of a single mesh element was varied
between 100 um and 1 pm depending on the region of the pattern. Regions of
high concentration were meshed fine (bottom of the teeth) while regions of less

interest were meshed more coarsely (top of pattern).

The electric field used in both simulation and experiment can be seen in

figure Both, the electric field strength and the cycle time are normalised.
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Figure 3.27: Applied electric field in a Brownian ratchet as a function of time normalised to
the period time t. The insets show the behaviour of the charged material within
the ratchet where the images are taken at the end of each of the three steps.

Parameter ~ Value Description
a Opm opposing edge on the ratchet
c 480 pm height of the channel
e 60 Vcem™! strength of electric field
h 85 pum height of the ratchet
! 810um  length of the channel (I = n - (a+7r))
n 6 number of ratchets
r 135um individual ratchet length
t 0.67h period of the electric field

Table 3.2: Parameters used for the simulation and the experiment, unless stated otherwise.
A schematic overview of the parameters is shown in figure m

For the first part of the cycle, the field is applied such that all of the charged
material moves into the ratchet. In the second part the field is reversed and the
charged material is moved out of the ratchet. The last step is the field being
switched off and the material is allowed to diffuse freely for a given time. When
the time for which the charged membrane component was driven out of the
ratchet, T, was changed, only the time of the second time step was changed

while the others were kept constant.

For the simulations discussed in the following text the parameters were

chosen (if not stated otherwise) to be as shown in table
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3.5.2 Prediction of the Ratchet Behaviour

The Brownian ratchets used here transports charged molecules perpendicular
to the applied electric field. The field is applied in the y direction and transport
happens in the x direction. This transport can be modelled using
Brownian ratchets in a lipid bilayer were modelled as two dimensional objects,
without diffusion in the third dimension. This is a very accurate model, as it is
almost impossible for lipid molecules to leave the bilayer and possible, but very
unlikely, to undergo flip-flop processes from one leaflet to the other, resulting in

two-dimensional diffusion in the plane of the membrane.

This model is then exposed to an electric field with a strength of 62V cm™!,
as it was done in the experiments, which makes the charged molecules move
along the electric field lines. The general working principle of the ratchet is
shown in figure The initial state of the system is shown in figure
The ratchet consists of two regions, one where chemical transport is modelled
(red) and one where no transport is possible (white). These two regions corre-
spond to the regions of lipid bilayer and fibronectin barriers in the experiments.
Firstly the charged molecules are driven into the ratchet regions where an initial
concentration happens (figure3.28b). For the first cycle this is done for longer
than during the rest of the cycles, as this is the only time where the full height of
the channel has to be “emptied” of charged molecules. When all of the charged
molecules have been driven from the channel into the ratcheting region, the field
is reversed and the charged molecules are now being driven out of the ratchet
again (figure [3.28). This then allows for free diffusion to happen and for the
molecules to diffuse in or against the direction of desired transporlﬂ As most
charged molecules will accumulate in the bottom of a ratchet, the distance they

need to diffuse over to reach the next ratchet in the direction of desired transport

!The molecules can of course also diffuse in or against the direction of the electric
tield, but this motion will be cancelled out after one cycle as they are driven against the
ratchet barriers in each cycle, effectively neutralising any transport which might have
occurred in this direction.
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is much smaller than the distance they need to diffuse against the direction of de-
sired transport. Therefore, more molecules will diffuse one “step” forward than
molecules diffusing one “step” backwards. The cycles of moving the charged
molecules out of the ratchets and back into them are then repeated several times
until finally the concentration of charged molecules in the ratchet on the right
is much higher than in the ratchets on the left (figure 3.28d). Although there
is significant build-up in the final ratchet, the first ratchets are not fully empty
of charged material. This is because higher concentrations in any given ratchet
result in higher back diffusion from this region since the diffusive flux is always

away from areas of high concentration as can be seen from Fick’s law

J= —Dg—i. (3.20)

The transport achieved with Brownian ratchets can be visualised through
the concentration of charged material in each ratchet. The surface average of
the concentration of charged material c,y is taken in each region of the ratchet
(ratchets 1 to 6 in this case) by integrating the concentration of charged material
in each ratchet at any given time c(t) over the area of each ratchet A and dividing
this value by the initial surface average:

Je(hd

A
Cav(t) = Te(0)dA (3.21)

Over several cycles this shows the expected behaviour. The first teeth (teeth
1 to 5in figure show a decrease of the charged material in them over time.
It is worth mentioning that it is clearly visible how one ratchet after the other
starts being “emptied” into the next one, until it is almost out of material and the

next ratchet is being “emptied”. This continues until the molecules have moved
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Figure 3.28: Different states of a Brownian ratchet, showing how transport is achieved from
an initial equal distribution to the final state, where a higher concentration on
the right is achieved. The top left image shows equal distribution, which is then
driven into the teeth (top right) and when forced out of the teeth (bottom left)
the probability of diffusing one step forward is higher than one step backwards

leading to the final state (bottom right) which shows an increase in concentration
in the last teeth.

into the last tooth of the ratchet, where they remain as the last ratchet does not
have a neighbour in the direction of transport.

The profile of the applied potential can be varied in experiment and in calcu-
lation. A comparison of the effect of using different potentials (with the same
amplitude between all of them) with the same pattern is shown in figure 3.29]
The most efficient potential is a rectangular shaped curve while the triangular
potential is the least efficient.

In figure the first step taken before start of the cycles of ratcheting was
to move all the charged molecules downwards into the teeth regions. The time
for moving all the charged molecules, even from the very top of the pattern, into
the bottom of the teeth was longer than the usual period of moving the charged

molecules back into the teeth and can be seen as a decrease in tooth 6 for the
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Figure 3.29: Calculated comparison of the effect of sine, sawtooth, triangular and rectan-
gular shaped potentials on a Brownian ratchet. The patterned used is the same
as shown in the previous figure. For all different field shapes the same period and
amplitude was used.
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Figure 3.30: Calculated transporting behaviour of a Brownian ratchet from [EEA| shown for

the different ratchet regions. As shown previously (see figure|3.25)) the first teeth
are emptied initially while the last tooth accumulates material.
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time which is marked as negative cycles. Although it seems counter-intuitive
that moving charged molecules from the channel region into the teeth regions
results in a decrease in tooth 6 and an increase of charged material in tooth 1,

this still happens and can be explained as follows.

As the charged molecules move out of the channel region and get concen-
trated in the trapping region, they start accumulating at the barrier of the teeth.
This happens at the bottom of the teeth as well as at the top of each tooth before
they move down into the tooth. As mentioned before, Fick’s law (equation [3.20)
describes how diffusion will always act against regions of high concentration.
This means that charged molecules will move away from the regions they are
being concentrated into. In the bottom of the teeth this means towards the top of
the channel in the opposite direction in which they are driven through the elec-
tric field. At the top of each tooth the situation is different. Here the asymmetry
of the concentration profile obtained through the concentration of the charged
molecules against a diagonal barrier plays a much larger role. In the direction of
the bottom of the same tooth the concentration of charged molecules is much
higher than in the direction of the previous tooth, as the previous tooth is much
deeper and the charged molecules have been driven to the bottom of the tooth.
This results in a gradient in concentration and therefore a diffusive flux into the
previous ratchet, as can be seen in the first cycles of figure The total flux of
the charged molecules in the teeth is shown in figure The white streamlines
at the top of the tooth are bending towards the previous tooth as they are driven
by the diffusive flux from the red marked regions of high concentration at the

top of the ratchet.

This effect causes every ratchet to lose some of the charged molecules into the
previous ratchet. Although this is the same for all the ratchets, the first ratchet
gains material from this process, as it has no neighbour it can lose molecules to,
but gains molecules from the second tooth. The opposite is the case for the last

tooth, which can only lose material to the second-to-last tooth but has no tooth
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Figure 3.31: Total flux of charged molecules in a ratchet pattern when the field is applied
such that the charges move into the trapping region initially. The flux towards
the previous ratchet from the top of the ratchet on the right can be seen in the
stream lines/arrows.

it gains molecules from. Therefore, the initial loss of charged molecules in the

final tooth can be explained.

As discussed before, the transport is caused by the charged molecules driven
out of the ratchet having enough time to encounter free diffusion and moving
over the barrier for the next tooth. The effect of free diffusion combined with the
effect of the electric field can be seen when a line profile of the concentration at
different times after starting to move the charged molecules out of the ratchet is

plotted, as seen in figure[3.32

The effect shown in simulation can also be seen in experiment and is shown
in figure Initially, the distribution of the fluorophore is even throughout the
pattern. When the electric field is applied, the negatively charged fluorophore is
moved into the teeth of the ratchet where it is concentrated. The concentrated
fluorophore is then moved out of the ratchet again and free diffusion starts to
influence the material which was concentrated in the teeth of the ratchets. As the
material diffuses parts of it will diffuse such that it is over the next tooth. When

moved back into the teeth, this part of the material is then transported one step
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Figure 3.32: A fluorescence image of a Brownian ratchet realised as a lipid bilayer and the
position of the line profile shown in red (left). Calculated values from [EEA| for
the line profile at different times (right).

forward. The cycle is then repeated several times and the charged material is
moved from the first ratchet towards the last. This effect, which was discussed
in the simulation, can also be seen in the experimental results. The bottom image
is taken after ten cycles and shows how the charged fluorophore has moved out
of the first ratchet and into the last one.

To show that the ratcheting is the main cause for the transportation of mem-
brane components and not a misaligned electric field, two opposing ratchets
were printed onto the same sample. As the two ratchets are mirror images of
each other, transport should occur in opposite directions. As can be seen in fig-
ure the two ratchets have transported membrane components in opposite
directions after only 15 cycles.

The concentration in each tooth can be followed through the amount of
fluorescence detected through the camera. In figure the comparison between
the calculated results from and the experimental results obtained from

a patterned lipid bilayer are shown. It can be seen that the experimental values
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Figure 3.33: Fluorescence images of a Brownian ratchet showing the different states of the
ratchet in experiment. The fluorescence is from the negatively charged [TxRed|in
the membrane.

(a) Initial (b) Final

Figure 3.34: Two opposing ratchets showing the principle of Brownian ratcheting. The
transport has occurred in different directions showing that it is caused by the
ratchets. The length of an individual ratchet is 135 pum.
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Figure 3.35: Comparison of experimental results and calculated predictions from [EEAI for
different teeth of the ratchet. The solid lines represent the calculated results, the
points are experimental results.

follow the predictions of the calculations. For the calculations a drag factor « for
the electrophoretic mobility was introduced:

with the electrophoretic mobility reduced by « = 0.6. The agreement between the
calculated and the experimental values can also be seen when the final relative
concentration in each tooth after 26 cycles is compared between calculation and
experiment (see figure [3.36).

The line profiles shown in figure 3.32]show the normalised (to the highest
concentration reached during the process of moving the charged material out
of the ratchet) concentration of charged molecules just above the ratchet. The
time is set to be zero when the field is reversed from moving charged molecules
into the tooth to moving them back out into the open region. The distribution
initially shows an almost even distribution of charged molecules along the line
with a slightly higher concentration above the tip of the tooth (black line). This

is expected, as the distance to be travelled for molecules which have not moved
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Figure 3.36: Comparison of the final relative increase in the different teeth in both, exper-
iment and simulation.

into the bottom of the ratchet is much lower than for the molecules from the
bottom of the tooth. As time increases, molecules from the regions of higher
concentration from the bottom of the tooth start reaching the line and finally the

highest concentration is reached after five minutes of field reversal (brown line).

A single tooth in this setup is 135 pm long and as the line has been chosen
to include parts of the previous and parts of the next tooth, the material that
will move into the next ratchet can be seen under the final profile with an x
value greater than 142.5 pm. This is where the next tooth starts and where the
current tooth ends. The material which will move into the previous tooth is
everything that is under the line at x values smaller than 7.5 pum. As expected

this is considerably less than the amount that will move forward.

The results can also be compared with experiment when taking the same line
profiles from fluorescence intensities at the same times and comparing the results
with the calculated data. The agreement between experiment and calculation
for the initial and the final time of the field reversal in figure shows that
the principle of the ratchet is the same in both, experiment and calculation.

The increase of charged molecules in both cases occurs over the bottom of the
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Figure 3.37: Comparison of the normalised fluorescence intensity (for the experimental
data) and the normalised concentration (for the calculated data) of a line profile
just above the ratchet.

tooth; when next the cycle begins, a bigger portion of charged material will
move one step forwards than backwards. In the experimental data an increase
in concentration is observed on the left hand side of the graph, which is not
observed in the simulation results. This is due to the simulation not accounting
for electrostatic repulsion and a limited maximum concentration in the bottom
of a tooth. In the experiment not all charged lipids are concentrated into the
bottom of the tooth, some remains on the slope of the tooth. When the field is
then reversed, the lipids which were on the slope of the tooth are also moving

into the region where the line profile was taken.

3.5.3 Influence of Ratchet Parameters

Different parameters influence the efficiency of a Brownian ratchet. Although
Brownian ratchets have been used in a wide range of applications before (Amens-
gual et al., 2004; Astumian and Bier, [1994; |/ Astumian et al., 1998; | Astumian and
Derényi, 1998; Matthias and Miiller, 2003; Parrondo et al., 2000; van Oudenaar

den and Boxer| 1999; Verleger et al., 2012), the influence of the dimensions of the
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Figure 3.38: The design of a Brownian ratchet with the last region in which the transport
is measured highlighted in red.

ratchet on its efficiency have not been investigated in detail. The design process
started with the sizes of the ratchets being of the same order as designs used
previously (Cheetham et al., 2011). From the basic design several parameters
were changed so that their influence on the efficiency on the ratchet could be
shown and an optimisation of the pattern and the period of the AC field was

possible. The basic design parameters are shown in figure 3.38

Height of the Channel c:

This parameter is decisive when the material in question is leaving the ratchet
region and is allowed to freely diffuse. When c is chosen rather small (an example
of this is shown in figure where ¢ ~ 1.5h), the material will move against
the top barrier and will therefore be forced from a free two dimensional diffusion
into one dimensional diffusion along this barrier. Although this may aid the
transport process, this behaviour is undesired here as the interplay between
free diffusion and the ratcheting through the pattern are to be observed. For a
rather large c, as shown in the simulation design in figure the material will,
after once being concentrated in the bottom of the teeth, never reach the top of
the channel and will always remain in free diffusion. To ensure that forced 1D
diffusion is avoided here, ¢ was chosen such that the distance covered by the
“centre of mass’d of the charged material fulfils d < % The distance covered by
the charged material can be calculated using the definition of the electrophoretic

IThe term centre of mass is chosen here, not because actual mass transport is achieved
but because of its clarity for the reader as it can be easily imagined how many particles
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mobility and the Einstein relation 3.24]

D = ukgT, (3.24)

where y is the electrophoretic mobility of the material, v the speed of the material
under the influence of an electric field, E the strength of the electric field, D
the diffusion coefficient, kg the Boltzmann constant and T the temperature.

Therefore, one obtains for d:

d(t) = uEt (3.25)
d(t) = %, (3.26)

where d(t) = vt, with t being the time the electric field is applied for, has been
used together with equation This allows for the calculation of the distance
travelled by the “centre of mass” in the time ¢, assuming the diffusion coefficient
D for the material in question is known. Therefore, c is mainly influencing the
maximum value of the time 7 the field is applied such that the molecules move

out of the ratchet but does not influence the behaviour of the ratchet if ¢ > d(7)

Length of the Channel [:

Although the schematic in figure is showing six ratchets in the channel, the
channel could consist of an arbitrary number of ratchets if the length [ of the
channel was changed, as the number of ratchets n is given by

l
n= .
a—+r

(3.27)

travel along the electric field and one therefore obtains a distribution of masses along
the direction of transport.
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(a) 6 teeth (b) 9 teeth

(c) 12 teeth

Figure 3.39: Final images of the concentration profile after 26 cycles for varied ratchet
lengths.

A longer channel will therefore consist of more ratchets with the same geomet-
rical parameters in each ratchet. The length of the channel does not influence
the behaviour of the individual ratchet, but changes the overall concentration
behaviour of the ratchet. An overview of the concentrations of channels with
varying numbers of ratchets is shown in where it can be seen that even for

longer ratchets transport is still effective.

In figure the normalised relative concentration ¢, in the last tooth of
ratchets with different length is shown. This was obtained from the surface
average of the concentration in the final tooth c,y according to

Cav (1)

) = 5e =1 =1y (3.28)

where u is the total number of teeth in the ratchet and 0.6 is a normalisation factor
which was the same for all different ratchet lengths. This takes into account that
the concentration of the charged molecules can only increase by the amount of

charged molecules which is in the overall pattern minus the last tooth.

Figure shows that for a short ratchet (two or four teeth) the concentra-

tion in the final tooth plateaus rather quickly and then stays at that value for
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Figure 3.40: Normalised relative concentration in the last tooth of ratchets of varying length
over 100 cycles. For the calculations only the number of teeth was changed while
all other parameters were kept constant.

any further concentration. This means that most of the material which can be
concentrated into the last tooth has now arrived and an equilibrium between
“back” diffusion into the second to last tooth and “forwards” diffusion from the
second to last tooth has been reached. For the longer ratchets this equilibrium
has not yet been reached but they show a steady increase in the concentration
in the final ratchet. If the calculation was run over more cycles, these ratchets

would also start to plateau and reach an equilibrium state.

Not only does this idea show that the length of the overall pattern has no
significant influence on the transport properties of an individual tooth, it also
proves that transport can be achieved over long distances in arbitrarily long
channels. This means that the idea proposed in figure can be used to
transport molecules perpendicular to the electric field, allowing for a lower
voltage to be applied to the electrodes as large fields can still be achieved over

the much smaller distances in this approach.
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alpm] r[pm] A

0 135 0
169 1181 0.125
12.7 886 0.125
211 1477 0.125
253 1772 0.125
33.8 1013 025
253 759 0.25
422 1266 025
506 1519 025
506 844 0375
38 633 0375
63.3 1054 0.375
759 1266 0.375

Table 3.3: Table of the parameters used for the variation of A.

Asymmetry Parameter A

The asymmetry of the individual tooth is one of the most important factors when

transport along the ratchet is desired. The asymmetry of the teeth is defined as

A=
(Z—|-7"

(3.29)

where a is the length of the rising edge of the tooth and r the length of the falling
edge. This ratio can vary from 0, where the rising edge has a length of 0, to
0.5, where the rising and the falling edge have the same length and there is no
asymmetry. The biggest asymmetry between the two edges is achieved when
a = 0. If a > r, the values for A could be larger than 0.5 but this is the identical
case to a mirrored ratchet achieving transport in the opposite direction where a

and r can then be swapped resulting in A being smaller than 0.5 again.

Changes in A can be achieved by either changing a or by changing r. The

values used in the simulation for a and r are shown in table[3.3l The different
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Figure 3.41: Relative concentration in the last tooth of a Brownian ratchet achieved for
different values of the asymmetry parameter A. Here a + r was kept constant at
135 pum and only the ratio between a and r was changed.

curves obtained have been averaged for each value of A to give an overview
of the behaviour of the ratchet. As can be seen from figure the relative
concentration in the last tooth of the ratchet varies strongly with the value of
A. For the symmetric case (A = 0) the relative concentration in the last tooth
even decreases slightly. This is due to the effect of diffusive flux shown in
tigure where the last ratchets loses a small amount of charged molecules
in each cycle. When asymmetry is then introduced into the system, the ratchet
starts to transport material. With an increase in asymmetry and therefore an
increase in A, the ratchet increases its efficiency. Although the changes in A in
tigure are chosen to all be of the same step size, the increase in the efficiency
of the ratchet is not in equal steps. When going from a symmetric ratchet
(A = 0.5) to introducing a small amount of asymmetry (A = 0.375), the increase
in efficiency is much smaller than for the next two steps. The smallest increase
in efficiency is then observed when the asymmetry changed from A = 0.125
to A = 0; here the increase in efficiency is only minimal. This is due to the

fact that the distribution of the molecules in the bilayer will follow a Gaussian
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Figure 3.42: Comparison between experimental data from different patterns and simulated
results for varied asymmetry parameter of the ratchet A. The full symbols are
experimental data while the hollow symbols are simulation results.

distribution once the electric field is reversed and they are free to diffuse. The
first derivative of a Gaussian distribution has smaller values near the centre (x =
0) and towards large values of x, this means that the change in the efficiency is
small when A is changed from 0 to 0.125 or from 0.375 to 0.5. In contrast to that
the first derivative of a Gaussian distribution is large on the flank therefore the
changing A from 0.125 to 0.25 or from 0.25 to 0.375 has a bigger influence on the

efficiency.

This effect can also be seen in experiment. A Brownian ratchet was produced
using of fibronectin onto a glass cover slip. The parameters for the teeth
were varied the same way as in the calculations: a + 7 was kept constant at
135 pm and the ratio of a to r was varied. To show the different efficiencies of the
ratchet, the simulation and the experiment were executed for 16 cycles and the
final concentration in each of the ratchets normalised to the initial concentration

was plotted against A in figure 3.42,

The comparison between experiment and calculation is very good if a drag

parameter & = 0.6 is introduced to the Einstein relation and equation is
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modified to

Ddrag = Dé;l/lkBT. (3.30)

This drag parameter is well known in the literature (Cheetham et al 2011;
Groves and Boxer, (1995 Stelzle et al., 1992; van Oudenaarden and Boxer, 1999)
and accounts for the fact that moves slower under the influence of an
electric field than predicted trough the Einstein relation (see also section [3.2.2).
Although the diffusion coefficient D measures the mobility of the Texas Red
labelled lipids in the bilayer, the Einstein relation does not take into account the
fact that most of the fluorescence label protrudes out of the membrane and is
therefore exposed to electrophoretic drag from the liquid around it or interacts
with the membrane itself.

In figure the expected behaviour of the ratchet can be seen. When the
asymmetry is high (A = 0), the relative concentration reached in the last tooth
(number 6) after 16 cycles is the highest and the separation between the last
tooth and and the first tooth is at its maximum. This means that ratcheting
for this case is most efficient. As can be seen in figure the number of
cycles the experiment and simulation are run for does not play a major role in
determining the efficiency of a ratchet. Although there is a small influence of
the number of cycles (especially when the build-up profile has not yet flattened),
the order of the different values for A does not change only the achieved relative
concentration. Therefore, the comparison of the experimental results with the
calculated values in figure which was made after 16 cycles, would not
change qualitatively, when the experiment and simulation were run for more or

less cycles.

Height of the Ratchet # and Time Constant T

When the electric field is applied to the charged molecules in the Brownian
ratchet, the time for which the molecules are moved out of the ratchet plays

an important role. The time 7 and the height of the teeth /1 have to match. If
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the molecules are not moving out of the ratchet for long enough, there will be
no transport, as the “centre of mass” is still within the tooth and no diffusion
into the next tooth happens. When the time 7 is chosen too large in comparison
to h, the ratcheting becomes inefficient again as the molecules will have too
much time to diffuse freely and will therefore reach the previous tooth so “back

diffusion” starts occurring at the same level at which “forward diffusion” occurs.

In the experiments and calculations discussed here, the cycle which the
electric field undergoes consists of two parts. Firstly, the field is applied in
the direction which causes the charged molecules to move downwards for a
time ¢ (which was kept constant at 16 min). Then the charged molecules are
moved out of the teeth for a variable time 7. This time governs whether the
charged molecules will reach the top of the tooth or will stay within the tooth.
Therefore, the efficiency of the ratchet is strongly influenced by 7. As can be
seen in figure with increasing T the charged molecules start moving not
only out of the teeth but also start having a wider distribution horizontally. This
means that when they are moved back down into the tooth, the fraction of the
molecules which has diffused over the next tooth increases. This also means
that with an increase in 7 there is the possibility for molecules undergoing “back
diffusion”. This effect can be seen in figure where T has been increased to
840's and the molecules not only have the chance of moving one step forwards
but can also diffuse for a long enough time to cover the distance to the tooth
behind them. In an optimised ratchet these two counteracting effects have to be

balanced so that maximum forward transport can be achieved.

To understand the optimisation of the time parameter 7 in relationship to
the height of the ratchet /1, the movement of the charged lipids has to be further
investigated. The distance covered by the “centre of mass” after the reversal of

the electric field, so that the molecules start moving out of the ratchet, can be
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(@) T =60s (b) T = 420s
(c) T = 540s (d) T = 840s

Figure 3.43: Calculated concentration distribution at the final stage of the field reversal for
a variation of the time constant T at constant ratchet height h of 127 ym. As T
increases from top left to bottom right the charged molecules move further out
of the tooth and eventually start showing “back diffusion”.

calculated easily. The distance s covered by each molecule is
s = vt, (3.31)

where v is the velocity and ¢ the time the molecule is moving for. In this
case t is equal to the time parameter 7. The velocity of the molecules can be
determined from equation With the help of the modified Einstein equation

to express y the distance covered by each molecule can be rewritten from

equation[3.24)as

aD

The distance travelled by the centre of mass s varies linearly with the time

the time T the electric field is reversed for. With this result, the dimensionless
s

parameter i’ = — can be introduced. This parameter will be unity if the average

h
distance travelled by the centre of mass is equal to the height of the tooth, smaller
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Figure 3.44: Calculated increase of the concentration in the final ratchet of the Brown-
ian ratchet pattern shown in figure with varying ratio 1’ of height of the
individual teeth h to the time constant T.

than unity if it is less, and larger than one if it is travelling further than the height
of the tooth.

For ' an optimum value of slightly more than unity can be expected. This
means that the centre of mass travels further than the top of the teeth of the
ratchet but will not have enough time to undergo “back diffusion”. This can
be shown by varying s and h to different values. Firstly i’ was increased up
to unity, it can be seen in figure that while /' increases, the efficiency of
the ratchet also increases until it reaches its maximum when /' reaches unity.
Secondly, when /' is further increased to be greater than unity, the efficiency of
the ratchet starts to decrease again as seen in figure

The variation in i’ can be achieved through either a variation in % or in .
When 1 is kept constant, the efficiency of the ratchet can be plotted against
the value of i’ which is, in this case, directly proportional to a change in 7. In
tigure this has been done for values of h between 85 yum and 200 pm. With
an increase in h, the optimum efficiency of the ratchet changes its position from
I =~ 1 to less than 0.8. This is due to the fact, that for larger ratchets 7 also has to
be chosen larger to achieve 1’ = 1 which means that the time of free diffusion is
increased. Therefore more material will have diffused so that it will move one

step forwards, even if the top of the ratchet has not been reached by the centre of
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Figure 3.45: Variation of I’ for different values of h obtained from [FEAl Each colour
represents a constant value for i while the time parameter T is varied.

mass. In addition to that, the longer period also results in a larger fraction of the
material undergoing “back diffusion”. The overall efficiency of the ratchet also
decreases with an increase in h, since the larger ratchets require larger values of

T and the ratcheting efficiency is defined as transport over time.

When different experimental and calculated results are combined, it can be
seen that for most values of I’ a single curve is being followed (black line and
points in figure 3.46). The only curve which follows a different line is the one
representing i = 42.5 um. For the smallest ratchet height, the efficiency is differ-
ent to all other heights, as the assumption that all material is concentrated in the
bottom of the ratchet does not hold here. The charged dye has an exponentially
decaying distribution away from the barrier and for the smallest ratchet the fi-
nite decay is resulting in the material not being concentrated in the bottom of
the teeth but also further towards the previous ratchet. Therefore, for smaller
values of I’ is very prominent and /' has to be chosen larger than unity for this

ratchet height to be efficient.
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Figure 3.46: Comparison between experimental and calculated results for a variation in /'
The grey and light red points represent the individual points for the calculation
and the lines are guide to the eye.

Angle of the Ratchet

In addition to the parameters discussed above, a Brownian ratchet can also be
used at an angle to the electric field, this makes the top barrier, which is a straight
line, more efficient at transporting charged species in the direction of transport.
When used without an angle, the top barrier only acts as a way to spread out
the charged species. The tilting of the ratchet in comparison to the electric field
makes the top barrier contribute to the transport more efficiently, similar to
having the top barrier patterned, as seen in other pattern designs (Cheetham

et al., 2011).

A comparison between a ratchet which is perpendicular to the electric field
and one which is offset by 30° compared to the electric field is shown in fig-
ure It can be seen that in both cases the ratchets have moved material from
the left towards the right. In case of the untilted ratchet, it can also be seen that
the transporting effect clearly comes from the ratchet and not from an electric
tield, as the top ratchet has transported material to the right while the bottom

ratchet, which is mirrored, has transported material to the left. This would not
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Figure 3.47: Comparison of the ratcheting achieved experimentally when the ratchet is
perpendicular to the applied electric field (left) and when it is rotated by 30°
(right). The bottom shows the relative concentration over time.

happen if the transport was due to the electric field only as this would be the
same for both ratchets. From the comparison of the two ratchets, it can be seen

that the tilted ratchet has worked more efficiently than the straight one.

Despite the advantage of a tilted ratchet when it comes to efficient trans-
port, there is a problem when thinking of a channel to transport membrane
components over a long distance. This would mean that the electrodes could

not be positioned close to the pattern (which is an advantage, as discussed in
section [4.2).

An approach to overcome this problem is shown in figure Two tilted
ratchets are combined to one single ratchet. This leads to efficient transport
from left to right without the material moving in the perpendicular direction.
Although this pattern is larger than the channel would be on its own, this would

still allow for electrodes to be close to the channel so that lower voltages could
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Figure 3.48: Combined tilted ratchet, showing how transport can be achieved with a double
tilted ratchet.

still achieve transport. The result in figure shows an increase in the charged

material in the bottom right corner, as would be expected from a long, untilted

ratchet.

3.6 Conclusion

Combining the results from both, experiment and calculation shows not only the
validity of the calculations but also that it is possible to design efficient ratchets
based on Parrondo’s paradox. These ratchets allow transport perpendicular to
the electric field. The efficiency of the ratchet is highly dependent on different
parameters of the ratchet design. Especially the ratio of the diffusion coefficient
to the size of the pattern and the ratio of the height of the individual teeth to the
average distance travelled by the centre of mass play an important role.

As the transport of charged molecules within the membrane is proportional
to the strength of the electric field, it is important to have thin channels, which
allow electrodes to be close to the pattern, so that the voltage is low but the
electric field is strong. Brownian ratchets can achieve this by allowing membrane

components to be transported perpendicular to the electric field.
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Chapter 4

Novel Electrodes and Patterns for
the Concentration of Membrane

Components

In addition to the previously discussed methods for the movement and con-
centration of charged components within lipid bilayers, several advancements
towards new methods can be made. The electrodes used previously consisted
of platinum wires in the flow cell in which the experiment was conducted. By
bringing the electrodes closer to the patterns in which they are effectively doing
work, the applied voltage can be significantly reduced while the field strength
can remain the same. Using different materials for the electrodes also allows for
arbitrary designs of the electrodes, which could in the future even be printed
using inkjet printing.

Another way of improving the way bilayer components are concentrated is
to change the pattern which is used to a more time-efficient one. This allows
for shorter experimental times and when applied to questions such as drug
development, shorter experimental times can save considerable amounts of
money. Finally, this chapter will also show, how the use of more than two

electrodes can lead to the generation of two-dimensional electric fields, allowing
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for the movement of charged material in any direction of the solid supported

lipid bilayer plane.

41 A Novel DC Pattern

In contrast to the approach taken in section where the AC nature of an
electric field was used to achieve transport perpendicular to the electric field, an
alternative DC approach can also be taken. This means that the electrodes have
to be further away from the pattern. Although this may seem like a disadvantage,
such an approach can be useful for some applications. The main advantage of
using the fields directly to obtain transport of charged molecules in the direction
of the field itself. This makes the transport quicker but higher overall voltages

are required to obtain the same field strengths as in the AC patterns.

41.1 Development and Calculations

A simple DC pattern, which allows for the concentration of charged material, is
a reservoir and a triangular shaped region in which the material is concentrated.
In this case the electric field is used to move the material out of the reservoir
and into the tip. Such a pattern is shown in figure The charged material
is moved from the left reservoir region into the right triangular region where
it is concentrated. The graph in figure shows the increase of charged
material in the (red) triangular region over time for the first 2000s. During
this time, more and more charged material moves into the triangular trapping
region. As the reservoir region empties, the amount of charged material in the
trapping region starts flattening shortly before the field is switched off. When
the field is switched off, free diffusion occurs and, as was shown in equation 3.12]
concentrated material will spread out until an even distribution is reached.
The exponential decay in figure has a half-life of the diffusion out of the

triangular region is approximately 3000s.
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Figure 4.1: A simple triangular pattern (a) with the x- and y-axis in pm and the relative
concentration in the tip of the pattern (red region) over time with and without the
field applied. Concentration was simulated for the first 2000 s while free diffusion
was observed afterwards. An exponential decay with a constant y offset 10 of
0.1 mol% was fitted to the simulated data. The time shown in (b) is the decay
constant of the fit.

This simple pattern allows for the concentration of charged material into a
pre-defined region of high concentration. Through the replication of the pattern
with different reservoir sizes, the final concentration in the end of the triangle
can be varied with the reservoir size. The simulation of the concentration in such
a pattern can be seen in figure where the electric field has been applied
and concentration has occurred in the tips of the triangles. As figure shows,
the increase for all the different sub-patterns shows the same behaviour: initial
increase until the reservoir is emptied and then the final flattening of the relative

concentration.

Despite this pattern already being useful for concentrating charged mem-
brane components to varied amounts and showing an improvement over simple
barrier patterns (van Oudenaarden and Boxer, 1999; Yoshina-Ishii and Boxer,
2006), this pattern can further be improved. The simple triangular concentration
region does not stop the concentrated material from moving out of the triangle
once the electric field is switched off and therefore has very short retention times.
By using a second triangle in a mirrored arrangement, as seen in figure and

concentrating material into the added triangle instead of the first triangle, the re-
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into the bottom triangular regions is seen on the left. The plot on the right
shows the relative concentration in the bottom region, the integration area for the
determination of the relative concentration was identical to the first pattern for all
six patterns, independent of the reservoir size.

tention time after the electric field is switched off is increased significantly. The
increase is almost four fold, as can be seen from the fit in figure Another
straight forward improvement can be made to the pattern. By making the over-
lap between the first and the second triangle smaller, and therefore hindering
diffusion out of the second triangle, the material will stay in the concentration
region even longer. The pattern is shown in figure and the concentration
and diffusion graph in figure Using this pattern improves the retention
time by another 50 %. This shows how small improvements to the pattern can

have a significant influence on the retention time in the concentration region.

The increase in retention time in the concentration region can further be
improved by hindering back diffusion even further. This can be useful as
experiments such as binding experiment of charged analytes and antibodies
require the electric field to be switched off but still need a significant amount of

time to be carried out as the binding has to be in equilibrium and the charged
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Figure 4.4: Double triangle pattern with an added barrier to increase retention time and
concentration graph. Fits were carried out as above and show an increase in the
retention time in the trapping region over the previous patterns.

antibodies should not be influenced by an external electric field. The addition of

a barrier into the added triangle can stop back diffusion even more efficiently.
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As can be seen from figure the pattern has been changed only slightly
from the pattern shown in figure A small region in the last triangle has been
removed and is now a barrier for material which is in the concentration region
and undergoes free diffusion. When the charged material starts spreading out
in the concentration region, the diffusive flux will still drive the material out of
the triangle, but as the barrier has now been put in place, it takes double the

previous time to reach equilibrium.

As already shown, the pattern can be filled by reservoirs of different sizes,
which will lead to different relative final concentrations in the trapping region.
This idea was also applied to the improved pattern. In addition to the paral-
lelisation, the pattern was slightly changed as well. The triangle, which acts
as the concentration region, now has a lower boundary, which is slightly tilted
in comparison to the electric field. This leads to the charged material moving
away from the entrance of the concentration region and being concentrated in
the opposite end of the triangle. Therefore, the time until the exit is reached is

on average increased.

The initial state of the parallelised device is shown in figure As the
electric field is applied, the charged material moves downwards and into the
trapping region (figure & figure until a final state is reached where
all the reservoirs are empty and have expelled all their material into the bottom
triangles (figure[d.5d). After the electric field is switched off free diffusion occurs.
The retention can be seen in figures and [4.5f for 1 h and 2h after the field has
been switched off, respectively. The analysis of the concentration in the different
trapping regions shows that despite the added barrier, the concentration increase
in the bottom triangle over time is (figure very similar to what was seen
before in the simpler design (figure . When the electric field is switched off,
the different trapping regions undergo free diffusion and each of them displays

the same time constant for this process, as can be seen in figure
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Figure 4.5: Initial state, concentration, final state and free diffusion after switch off of the
electric field in a DC trap pattern. The first four images show the concentration
into the different trapping regions while the last to images show the retention of
the pattern under free diffusion.
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Figure 4.6: Concentration and diffusion profile for the trap shown in figure over time.
The increase follows a similar curve as for the patterns where the trapping region
is just a triangle (see figure while the decrease in the trapping region due to
free diffusion is slowed down.

In addition to the idea of parallelisation, the pattern can also be used to
achieve higher concentrations in the trapping region. This can be achieved by
increasing the size of the reservoir. As the reservoir regions empty out into
the trapping regions, the relative increase of charged material in the trapping
regions reached scales with the size of the reservoir. The previous patterns made
the reservoirs longer which is useful when there are several patterns next to
each other. In contrast to that, when only a single region of high concentration
is needed, the reservoir can be expanded in two dimensions. A pattern with
such an expanded reservoir and the trapping region opposite to it can be seen

in figures .7d and 4.7d] They also show how even in such a large device the

charged materials are not only concentrated but also trapped for more than 1h.
When compared with the initial pattern, which is shown in figures and [4.7b}
the significant improvement for the amount of charged material in the trapping

region becomes clear.

4.1.2 Experimental Results

The pattern optimised in the previous section has also been realised experimen-

tally. Both patterns, the parallelised traps seen in figure 4.5/and the increased
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Figure 4.7: Optimisation of the pattern from the initial state to the final pattern. Images
on the right show the effect of free diffusion after the field has been switched
off for 1 h. It can be seen that both patterns can achieve similar concentrations
in the region of interest while the improved design shows an increase of charged
membrane components in the trapping region after 1 h, the triangle pattern shows
an even distribution.

reservoir shown in figure were used. The patterns were produced using
either microcontact printing of a fibronectin pattern or through pho-
tolithography of SU-8 photoresist and lipid bilayers containing charged dyes
were formed using the vesicle fusion method (see section[2.2). The vesicles con-
sisted of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and were labelled
with 0.025 mol% Texas Red 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine
(TxRed). The applied field had a strength of 62V cm™!

The experimental images in figure 4.8 show clean bilayer formation and good
mobility when the electric field has been applied. All the charged, fluorescent
molecules have moved into the bottom regions, showing that there are no major

defects and no immobile molecules in the There is a small fluorescence
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(a) Initial (b) Final

Figure 4.8: Fluorescence images for a DC trap pattern before the concentration of charged
molecules and after. The region with the yellow outline depicts one of the trapping
regions used for the determination of the increase in concentration in the trapping
regions in the analysis.

signal coming from the region where no bilayer was formed. This is due to
a small amount of non-specific binding of the lipids to fibronectin. This does
not impede the experiment in any way, as the lipids, which are not in the
are not moved by the electric field but only produce background fluorescence.
This background from the non-specifically bound lipids is the reason why parts
of the pattern appear black in figure When the charged molecules from
the have all moved out of the reservoir and into the trapping region, the
reservoir appears darker than the region without an with a small amount of

non-specifically bound lipids in it.

The analysis of the fluorescence in the pattern shows very clearly that there
is no fluorescence left in the reservoir regions, as can be seen from the line
profiles in figure In contrast to what was expected from the finite element
method (FEM) calculations, these line profiles show very similar fluorescence
intensities, independent of the reservoir size. It is even the case that the third
and fourth largest reservoir generate the highest peak in the fluorescence signal,

while the two patterns with the larger reservoir generate less fluorescence counts.

This behaviour can be attributed to the self-quenching of when it is

concentrated to a high percentage in the When two molecules of the fluo-
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Figure 4.9: Line profiles of the fluorescence signal in all the sub-patterns after the concen-
tration took place. The white line in the fluorescence image is represented by the
black line in the line profiles. For small reservoirs the increase in the trapping re-
gion and before the neck follow an exponential curve while for larger reservoirs
the line profiles show the influence of quenching due to a high concentration of
fluorescent molecules.

rophore are very close together, self-quenching can occur. The self-quenching
behaviour of can be better understood, when looking at the intermolecu-
lar distances depending on the concentration of [xRed|in the membrane. Since
the initial concentration used here was 0.2 mol% and the lipid head group area
is 0.65nm? (Marsh, [2012), the average distance between two molecules
can be calculated. In addition to that the quenching efficiency was assumed to

be a dipole-dipole interaction and therefore has an intensity of

I(r) = — ! (4.1)

1y (£)"
1o
with rg being the interaction parameter specific to The exponent of 6 is
due to the dipole-dipole interactions of the two fluorophore molecules.
For the unquenched case, the intensity profile of a charged fluorophore,
which is electrophoretically pushed against a barrier, should follow an expo-
nential increase towards the barrier. When quenching is taken into account, the

increase should initially still be exponential but when the molecules are so close



Novel Electrodes and Patterns 160

— r0=05
5Sil— ro=1
e ||— ro=2
g || — ro=35

< 4r

c ro=>5

o

= ||— ro=10

=]

53

[e)

(=

[=]

L]

€

g2

(0]

(=3

o

<C
1_
0 1 L 1 L
0 20 40 60 80 100

Distance /um

Figure 4.10: Expected intensity profile of fluorescence for different interaction parameters
ro. The model assumes a barrier at x = 100 pm and the distance from the origin
towards the barrier is plotted against the apparent concentration which would be
obtained through a fluorescence micrograph.

to each other that interaction becomes likely, the intensity can even decrease for
higher intensities. To visualise this behaviour, an exponential increase of fluores-
cence towards a barrier 100 pm away from the origin was calculated. For this
function, the expected quenching behaviour was then calculated using equa-
tion the combination of the quenching and the exponential increase was
then plotted in figure It can be seen that for a very small interaction param-
eter the exponential increase of the intensity towards the barrier is not changed.

With an increase in the interaction parameter, the quenching becomes stronger.

The comparison of the profiles obtained through the simple dipole-dipole in-
teraction model and the experimental data indicates that quenching can explain
the lower intensities for higher concentrations of the fluorophore in the trapping
regions. The shapes of the curves in figure 4.9/ agree with the graph in figure
For a small reservoir and therefore a low concentration of TxRed] the black line
is obtained in the experimental data, which is an exponential increase towards
the barrier. As the concentration of [xRed|increases and the reservoirs become

larger (blue, cyan and pink line), the curves obtained experimentally follow the
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shape of the predicted quenching curves with a peak before the barrier and a

decay towards it instead of an increase.

With this explanation of the reduced intensity in some areas of the pattern,
the increase in the different regions of the pattern was investigated. Initially,
the intensity recorded I(t) was corrected for background B, which is always

collected through the camera:

Ig(t) = I(t) — B. (4.2)

The corrected intensity was then multiplied with a further correction factor,
which accounts for the reduction of intensity due to the quenching of the flu-
orophore. It is assumed that no fluorophore is lost during the concentration
process. Therefore, the overall intensity captured from all of the pattern should
remain constant. As self-quenching becomes a relevant process, the overall fluo-
rescence intensity in each of the sub-patterns decreases. This is then accounted
for by multiplying the reduced intensity by the factor by which the intensity has

reduced:

I(t) = I5 () (43)

where ¢ and ? indicate the region of the pattern in which the intensity was
recorded as either the concentration region or all of the pattern, respectively.
With this correction for both background and quenching, the real increase in

concentration in the triangular trapping regions can be determined.

The six different regions of interest are labelled in figure the outline
over which the fluorescence signal was integrated for the regions marked with ¢
is shown, as well. The increase over time in the different concentration regions
is shown in figure It can be seen that the concentration follows the same
behaviour as predicted in figure Firstly, the concentration in the different
trapping regions increases over time and secondly, the reservoirs start becoming

empty and the concentration in the trapping regions flattens out. The relative
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Figure 4.11: Experimentally obtained concentration Ié over time in the different regions
marked 1-6 in figure [4.8b] The straight lines on the right hand side show the
increase expected from geometrical considerations assuming all charged molecules
are transported into the trapping regions.

tinal increase, which can be achieved in the ideal case of all the fluorescently

labelled lipids moving into the trapping, I, region can be calculated through

Iu — Ar/At, (4.4)

where A, is the area of the reservoir and A; is the are of the trapping region. The
respective values of I, are represented through the solid lines in figure It
can be seen that the concentration reached in the different trapping regions is
very similar to the one calculated through geometrical considerations, indicating
that almost all of the charged molecules have moved from the reservoir into the
trapping region.

When the field is switched off and the trap is being used to carry out subse-
quent experiments, free diffusion can occur. As discussed and shown previously,
this leads to the charged material diffusing back into the reservoir regions. The
ratchet was designed such that the time it takes for the diffusion to drive charged

molecules out of the trapping region is long compared to experimental times. In
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(a) Initial

(d) 180 min

Figure 4.12: Behaviour of charged material in the trap region after the field has been
switched off at different times. For up to 1h the retention of the fluorescent
molecules can be seen while after 3h the observed fluorescence signal is almost
even over the whole pattern.

contrast to the prediction made by the simulation, the pattern does not keep the
charged molecules in the trapping region for several hours. In figure it can
be seen that over the course of three hours the concentration has been reversed
and the charged components are distributed almost equally across the pattern.
It can also be seen that within 30 min and 60 min, diffusion starts to occur but
has a limited influence on the distribution of the charged molecules. Therefore,
the pattern can be used for experiments, which can be carried out within this

space of time.
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4.1.3 Application for the Determination of Binding Coefficients

As more bacteria become resistant to the currently existing antibiotics, the devel-
opment of new drugs is an important but also very expensive task. One reason
for the high costs in this processes is the accurate determination of the potency
of the drug. To determine the efficiency of a new drug’s compound, the binding
affinity of the drug to receptor is measured. As the majority of drug targets re-
sides within the cell membrane (Overington et al.,2006), the determination of
binding constants of molecules which bind to membrane proteins or membrane
associated molecules is of high importance. Using as a model system for
the cell membrane for the determination of the activity of ligands and analytes
is a common practice (Cooper and Williams) 1999; Jung et al.,|2009; Wittenberg
et al., 2012).

Usually, the binding constant is measured by methods which involve the
formation of an[SLBland the subsequent addition of the ligand from solution. The
ligand is added in different concentrations and the change in different quantities
from the adsorption to the is measured. This is then repeated for different
concentrations of ligand in solution and a binding curve is obtained. This is a
very time consuming and therefore expensive process, as the adsorbed mass has
to be measured very accurately and the process has to be repeated for several
different ligand concentrations. Currently, the methods used most commonly
for the measurement of mass adsorption to a lipid bilayer are surface plasmon

resonance (SPR) and quartz crystal microbalance with dissipation (QCM-D).

In a lipid bilayer is formed on the surface of a gold-coated prism. A
laser is then used to excite a surface plasmon in the gold surface at a specific
angle of incidence. This results in a dip in the reflectance of the prism at the
resonance angle of the gold surface. Since the excited plasmon has an evanescent
electric field which reaches into the solution, this method is very sensitive to
changes close to the surface. When ligands adsorb to the surface of a prism, the

refractive index of these ligands is in general different to the refractive index of



Novel Electrodes and Patterns 165

water. Therefore, the resonance frequency of the plasmon is changed and with it
the angle of maximum absorption changes. This change can easily be detected
and is regularly used in the literature (Campbell and Kim), 2007} Jung et al., 2000;
Ladbury et al., 1995} Salamon and Tollin, 1996; Wittenberg et al., 2012).

Another method for the determination of mass adsorption and therefore
binding constants is the use of This method uses the mechanical reso-
nance frequencies of a quartz crystal. A quartz crystal between two electrodes
is driven into oscillation by the application of an AC voltage. The voltage is
then switched off and the oscillations of the quartz crystal are monitored. The
resonance frequency can be measured very accurately and changes lower than
1Hz can be recorded. The frequency change can then be used to gain informa-
tion about the adsorbed mass. In addition to the frequency, the dampening of
the oscillation is also measured. The dissipation of the oscillation gives infor-
mation about the softness or stiffness of the material adsorbed to the crystal.
In contrast to[SPR|, where the optical thickness of an adsorbed material is mea-
sured, measures the mass which adsorbs to a surface. This method is
especially useful when the adsorbing mass is of a similar optical density as the
buffer solution in which it is measured. Applications for[QCM-Djrange from spe-
cialised biosensors to the investigation of lipid adsorption on a surface (Hianik

et al., 2005; |[Kastl et al., 2002; Pfeiffer et al., 2004; Richter et al.,[2003).

As shown previously, the fluorescence intensity counts obtained from a
sample can be used to quantify the amount of fluorescent material in a given
region. When the lipid bilayer itself is not fluorescent, but the ligand, which is
added from solution, is, the amount of ligand bound to the lipid bilayer can be

assessed using the fluorescence intensity.

A proof of principle for this can be shown using a fluorescent ligand with
a high quantum yield which binds very strongly to a surface. In this case
deoxyribonucleic acid (DNA) strands which bind to their corresponding strands

attached to lipids in an [SLBlwere used. In order to increase the strength of the
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Figure 4.13: Principle of cholesterol modified [DNAI anchored in an [SLBl to which [DNAI is
attached from solution. Two cholesterol modified anchors were used to bind the
[DNAI to the SLBlwhile a third, fluorescently labelled, DNA] was used to determine
the binding constant and the diffusion coefficient.

attachment of the especially under electrophoretic force, two cholesterol
modified strands were used. The cholesterol modification at the 5" for one
of the strands and at the 3’ for the other strand led to the incorporation
of the into the lipid bilayer as cholesterol will insert itself into the small
unilamellar vesiclces (SUVk) during the preparation of the samples (Pfeiffer
et al., 2004). The two anchor strands were designed such that one of the strands
has 30 bases and the second has 15 bases. For the shorter strand, all the bases
apart from the three closest to the cholesterol modification were chosen to be
binding partners to the bases closest to the cholesterol modification in the longer
strand. This leads to the incorporation of a double-anchor system into the lipid
bilayer which still allows for another strand to bind to the free 15 bases of
the longer strand (Pfeiffer et al., 2004; Stengel et al., 2007). The principle of the

experiment is shown in figure

The with the cholesterol modification was incorporated into the lipid
bilayer and the DNA|with the Atto 590 modification was added from solution to
give a fluorescent signal when the DNAlbinds to the surface of the Similar
to an or experiment, the concentration of the surface receptor was

kept constant and the concentration of the ligand in solution was changed.
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Figure 4.14: Fluorescence images from a experiment where fluorescently labelled
[DNA] was bound to anchored [DNAI strands and the corresponding recovery
curve. The images and the graph show no indication of a significant immobile
fraction and the diffusion coefficient is similar to that of lipids in an

In order to prove that the was incorporated to the and that fluo-
rescently labelled can bind it, a fluorescence recovery after photobleach-
ing (FRAD) experiment was carried out. For this, the[SLB was prepared as usual,
with 0.025 mol% of cholesterol anchored strand pairs.

As can be seen from figure and figure the bleaching results in
a circular spot and quick recovery in less than 5min. The recovery curve and
the corresponding fit in figure result in a mobile fraction of more than

90 % and a diffusion coefficient for the tethered [DNA] of almost 1 pm?s~!. These
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Figure 4.15: Fluorescence images obtained for increased concentrations in solution
while the concentration of in the was kept constant. The binding
curve was obtained from the fluorescence counts of the labelled bound
to the The error bars are obtained from the standard deviation of the
fluorescence counts.

results indicate the formation of an of good quality and a mobility and
mobile fraction of the attached to the membrane close to the values of
the membrane itself. As the DNA|was incorporated into the membrane with
no preferential orientation, the with the cholesterol tethers could be in
the proximal or in the distal leaflet of the When the diffusion coefficient
of fluorescently labelled [DNAlbound to the was measured, only one fast
component was observed. If binding had occurred to both leaflets of the [SLB|
two significantly different diffusion coefficients would have been expected as
the surface interaction of with the substrate should not be negligible.

Therefore, the anchored to the has either moved to the distal leaflet or
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the DNAJadded from solution has not bound to the[DNA]in the proximal leaflet

as this leaflet is inaccessible for the DNAlin solution.

The following analysis of the binding constants of different molecular inter-
actions is based on the Langmuir binding isotherm. The association constant k 4

for two molecules A and B is given through

[AB]
k= Al (4.5)

where [A] and [B] are the concentration of the unbound molecules and [AB] the
concentration of the bound complex. The dissociation constant kp is the inverse
of k A-

The Langmuir binding isotherm used for the fits is then calculated through

I(A]) = Inas ([A][ijl)) 47)

where I([A]) denotes the fluorescence intensity with respect to the concentra-

tion of the binding partner in solution [A] and I,y the fluorescence intensity

observed when all binding sites are occupied [Lodish| (2013).

To determine the binding constant for the DNAIlpairs, the experiment was
modified such that initially no fluorescent was attached to the Then,
different concentrations of fluorescently labelled DNAlwere injected to the flow
cell, incubated for 5min, and then rinsed thoroughly. This removed any non-
bound [DNAland resulted in fluorescence signal only from the DNA|bound to
the Since the fluorescence images were taken after 2 min to 4 min after the
removal of non-bound [DNA] the amount of which has dissociated in this
short amount of time is negligible compared to the still associated DNAl Two
images for different concentrations of in solution are shown in figure

and figure It can be seen that the fluorescence increase from the increased
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amount of DNAJresults in a clear difference in the fluorescence intensity recorded
by the camera. The binding curve for all[DNAl concentration used is shown in
tigure It shows the expected behaviour of an initial steep increase and a
flattening out as the amount of ligand added is increased further. This effect
is not due to self-quenching as the fluorophore concentration is much lower
that the concentration used in the previous section and there is no decrease in
fluorescence signal with increase in fluorophores, as it was seen in the model
(figure and the experiment (figure [4.9). From the graph and the fit to the
obtained data the binding constant kpp can be determined as 35 nmol dm™2. This
value is in good agreement with the previously published value of 20 nmol dm™3

which was obtained using (Pfeiffer et al., 2004).

The experiment was also carried out in a patterned in which the DNA|
modified cholesterol anchors were also incubated into the In addition to
the [DNA| nitrobenzoxadiazole tagged lipids were incorporated into the
vesicles which formed the in order to facilitate the observation of bilayer
formation. When this set-up was used, no movement of the through elec-
trophoresis was seen after the fluorescent[DNAlwas bound to the[SLBlcontaining
the non-fluorescent counterpart to the fluorescently labelled Despite the
fluorophore labelled lipid incorporated into the bilayer having moved into the
trapping region, the fluorescent had bound uniformly to the without
any preference to either the trapping region or the top part of the pattern. This
indicates that, despite the[DNAlbeing negatively charged and being mobile in
the as shown through the FRAD experiments, there was no movement of the
unlabelled DNAlunder the application of an electric field. Although transport
through electrophoresis was expected, the fact that the DNAI was not trans-
ported into the trapping regions could be explained through electro-osmosis
counteracting the electrophoretic forces on the [DNAI This could also explain the
transport of the dye-molecules since the protrudes further into the liquid

layer while the dye-molecules are shorter or even folded into the membrane
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Figure 4.16: Fluorescence image of a pattern used for the determination of binding con-
stants, including a single, large concentrator and a parallelised pattern with mul-
tiple concentrators. The [SLB| was formed using [POP{ vesicles tagged with a
[TxRed] fluorophore at a concentration 0.25 mol%.

and are therefore influenced less by electro-osmosis. This effect could be further
investigated in future work by changing the salt concentration in the buffer and

therefore changing the strength of the electro-osmotic forces.

For ligand-receptor combinations, which have very low binding affinities,
where the fluorophore has a lower quantum yield than the previously shown
experiment, or where the incorporation into the can only be achieved in a
very small amount, the direct measurement of the binding coefficient trough
fluorescence is not always possible. For some cases the fluorescence signal
obtained from an to which the ligand is bound is too low and is hidden
in the noise. For these cases the formation of the lipid bilayer with a low
concentration of the receptor and subsequent formation of regions of high ligand
concentration can be the solution. For such experiments a pattern having two
main features was chosen. Firstly, there is a concentrator with a large reservoir
and a single concentration region. Secondly, a pattern with six smaller reservoirs
and a concentration region each was also present. The combination of both

patterns can be seen in figure

This approach was used to determine the binding constant of the antibiotic

vancomycin to the cell wall precursor lipid II. Vancomycin is currently used as a
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Figure 4.17: labelled vancomycin bound to a lipid Il containing [SLBlin which the
charged bilayer components were moved into the trapping regions. Despite the
lower contrast, the increase of the fluorescence signal in the trapping regions can
be seen with the smallest reservoir producing the lowest fluorescence signal.

last resort antibiotic against some gram-positive bacteria. Despite its side effects,
such as alleged nephrotoxicity and ototoxicity, it is a drug that can be used
against some strains of MRSA bacteria or in cases where other drugs, such as
penicillin, cannot be used. Vancomycin was obtained in a boron-dipyrromethene
BODIPY) modified version where a single fluorophore molecule was attached to
each vancomycin molecule. The preparations for the experiment were as before:
a patterned was formed, the lipid II was concentrated into the trapping
regions (monitored using TxRed|in the which has the same charge), and
when the charged molecules were in the traps, the electric field was switched off.
Different concentrations of fluorescently labelled vancomycin were then injected
into the flow cell, incubated for 2 min, rinsed out and the fluorescence from
the bound molecules was recorded. The image recorded using 1.25 pmol dm™
vancomycin in solution is shown as an example in figure
The data obtained from a single trapping region at a variation of concen-
trations of vancomycin in solution was then used to plot a binding curve. As
can be seen from figure the kp for the binding of vancomycin to lipid II is

around 700 nmol dm~3. This compares well with the literature, where the value
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Figure 4.18: Binding curve of vancomycin binding to lipid Il in an [SLBl Lipid Il was
incorporated into the [SLBlat 2 mol% the fluorescence signal is obtained from the
IBODIPY] label attached to the vancomycin.

for kp is given between 0.3 pmol dm™3 (Al-Kaddah et al., 2010), 0.5 umol dm™3
(Grabowicz et al.,[2014), and can be as high as to 1.1 pmol dm™ (Vollmerhaus
et al., 2003).

The experiment using vancomycin shows that this approach can be used to
measure the binding constant of fluorescently tagged drug molecules to their
binding sites in the cell membrane. This shows how using can make the

research into new antibiotics cheaper and less time consuming.

It can also be shown that using as an indicator for the concentration
of lipid Il is a good model. Both of the molecules are negatively charged and
seem to concentrate in a similar fashion. Figure shows the overlay of the
fluorescence signal from and from fluorescently labelled vancomycin
bound to lipid II in the same membrane. It can be seen that the overlap between
the two colours is large and that there are only small regions where there is more

MTxRedl than lipid II/vancomycin.

Another example for which the binding constant was measured is the inter-
action of biotin with streptavidin. The two molecules bind very strongly to each
other and are one of the strongest non-covalent bonds (Green, 1975). Here, a

fluorescently labelled streptavidin was used in combination with biotinylated
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Figure 4.19: Overlap of the fluorescence signal obtained from [TxRed and fluorescently
labelled vancomycin bound to lipid Il in the [SLBl The regions in which concen-
tration has occurred are identical for [TxRed| and vancomycin.
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Figure 4.20: Binding curve for varied concentrations of streptavidin in solution. The fit was
obtained from a Langmuir isotherm and gave a kp of (5 £ 2) x 10712 moldm~3.
The error bars are obtained from the standard deviation of the fluorescence counts
in the trapping regions.



Novel Electrodes and Patterns 175

lipids which are negatively charged. The experiment carried out was the same
as described earlier. The binding curve was then plotted and can be seen in fig-
ure The binding constant derived from the graph is 52 pmol dm~2, which
is showing the significantly higher affinity of biotin to streptavidin compared
to the affinity of vancomycin to lipid II. This is still several orders of magni-
tude away from the binding constant, which is usually given in the literature
of kp =107 = 1071° moldm™ (Green, (1966, 1975). This could be due to the
fluorescence label attached to the biotin, which could reduce the binding affinity.

In addition to the use of single patterns to determine the binding constant by
adding varying amounts of the ligand in solution, the variation in the receptor
concentration in the different concentration regions can also be used. The pattern
with several concentration regions and varying sizes of reservoirs allows for
this to be done within a single image. Since the concentration of biotinylated
lipids in the initial is known, the surface concentration of biotinylated lipids
in the concentration regions can be calculated, when it is assumed that all the
charged molecules have moved out of the reservoir into the trapping region. It
was shown in section and in figure that this assumption can be made.

In order to fit the data where the surface concentration of biotin was changed,
a different model was used. The fit for the fluorescence intensity follows a

sigmoidal function given through

I(c) = B+ —Mk (4.8)

1te >

where B is the background fluorescence, M the maximum fluorescence reached
for full surface coverage and a the slope at c = kp (Keselowsky et al.,2003). The
linear fit is shown for comparison and it can be seen in figure that the
sigmoidal curve fits the data better than the linear fit. This is also reflected in
the R? values which are 0.998 for the sigmoidal curve and 0.989 for the linear fit.
The value for kp obtained from the fit is (92 £ 5) x 10713 mol/m?. In other work,

the sigmoidal nature of such binding curves has been attributed to electrostatic
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Figure 4.21: Fluorescence image and binding curve obtained for streptavidin binding to a
biotinylated [SLBl where the binding curve was obtained from a single image. The
sigmoidal fit showed very good correlation with the experimental data while the
linear fit is shown for comparison. The error bars are obtained from the standard
deviation of the fluorescence counts.

interactions and the reduced dimensionality (Mosior and McLaughlin| [1991).

When fitting the Hill equation

1

n
(5

with ¢ being the concentration and 7 being the Hill coefficient, the curve is almost

I(c) = (4.9)

identical to the sigmoidal fit. The Hill coefficient obtained is 2.1 and therefore
indicates cooperative binding (Boal, 2012).

As can be seen in figure the fluorescence intensity obtained from the
smaller reservoirs is low and the data is noisy. Although the visual quality of the
data is not very good, when subtracting background and plotting the fluores-
cence intensity for the different traps, the binding curve obtained in figure
agrees with the data from the varying ligand concentrations in solution in fig-
ure This shows that it is possible to determine the binding constant using
only a single fluorescence image, when different receptor concentrations are
present in the image used. These receptor concentrations have to be known and
well defined as they are in a pattern in which the charged molecules are trapped

in pre-defined region of interest.
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4.2 Patterned Electrodes

Classical electrodes are made from metals and are suspended in the bulk solution
through which the electric field is applied to the Despite the fact that these
methods have proven to be a reliable way to achieve electrophoretic movement
for several different groups (Lee and Nam) 2012; Monson et al., 2011} Susan|
and Ling| 2011} Suzuki et al.,2008; [Yoshina-Ishii and Boxer, [2006), there still is
some advancement to be made in the choice of electrodes. Electrodes closer to
the pattern which is being used for the creation of a gradient in the would
result in lower voltages needed to achieve the same field strength. This would
make lab-on-a-chip devices much easier to produce as the lower voltages can
be supplied by batteries much easier. In addition to this, being able to pattern
electrodes so that more complex devices can be made is another advantage for

the production of devices making use of electrophoresis in lipid bilayers.

4.2.1 Miniaturisation

Smaller devices could make the production of SLB|based sensor devices much
easier and could even see them going towards point-of-care applications. To
produce such small devices the electrodes need to be closer to the region, in
which the electrophoretic movement is generated to produce overall smaller de-
vices. Electrodes which are closer together also need lower voltages to achieve
the same field strength and therefore the same electrophoretic movement. Re-
ducing the distance between two electrodes from classical sizes such as 2 cm to
patterned electrodes with distance of the order of 0.1 mm to 1 mm immediately
reduced the voltage needed by a factor of 20 to 200.

To produce such small electrodes, standard photolithography was used.
Here, the photoresist is patterned through UV-light. Then gold is evaporated
onto the surface and the remaining photoresist with the gold layer on top is

removed resulting in a patterned layer of gold on the surface. A thin adhesive
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layer of chromium was used between the cover slip and the gold layer. This
should not influence any properties of the electrode as the chromium will not
be in contact with the solution and is only a 5nm thin layer. The pattern of the
electrodes is such that interdigitated electrodes are produced where the patterns
for the are between the anode and the cathode.

When using two wires in a large flow cell, it can easily be assumed that
the electric field between these electrodes is constant and that the potential
difference varies linearly with the distance to the electrodes. This is no longer
the case when the electrodes are 200 nm thick and a few mm in length and are
also on the glass surface so that symmetry is broken, which will change the
electric field significantly.

In order to understand potential problems in the variation of the electric field,
the field distribution was calculated using finite element analysis (FEA). The
electrodes were defined as gold with a potential difference of 10 V between them.
The pattern in the experiments was made from SU-8 which has a permittivity of
€, = 4. This value was also used for the pattern in the calculation. The distance
between the electrodes was chosen to be 200 um as this is the smallest scale on
which the electrodes were produced and any effects from the miniaturisation
should be maximal for this case. Two regions of SU-8 were also incorporated
into the simulation, they were position 100 um and 150 um away from the first
electrode and had a width of 15 pm and 30 pm respectively.

The results of the calculation are seen in figure It can be seen that the
tield distribution is not constant along the membrane; especially close to the
electrodes an exponential decay is clearly visible. The further away from the
electrode the more the field tends to be constant as it would be in an ideal case.
Despite this not being perfect, this could even be used to aid the concentration of
membrane components in some experiments. When the concentration regions
are designed such that they are further away from the central regions than the

reservoirs, the rise in the electric field towards the electrodes could be used to
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Figure 4.22: Left: Electric field (x component) caused by 10V applied to patterned elec-
trodes on a glass surface in an aqueous environment. Right: line profile of the
electric field 10 nm above the surface of the cover slip

make transport and concentration more efficient. The spikes in the electric field
are in the regions where the transition from the SU-8 patterning the to the
water layer are made. These spikes are an artifact from the simulation as the
sudden change in ¢, is the cause for the spikes in these regions. In reality a

smooth transition of the electric field can be expected.

Using this model and the same pattern as shown in figure the build up
of charged material was predicted using this model. As can be seen in figure[4.23]
the model accurately predicts the behaviour of the AC concentration pattern.
There is a phase shift seen between the experimental results and the calculation
as the simulated results exhibit peaks slightly before the experimental data but
the overall increase over time follows the same behaviour. This shows that the
calculations cannot only be used to predict the electrophoretic behaviour of
charged membrane components in a lipid bilayer using macroscopic electrodes
but that also has the capability of accurately predicting the behaviour of

electrophoresis in microscopically patterned electrode devices.

The patterned electrodes can also be used in DC patterns such as the previ-
ously presented one. The pattern used in the following experiments was the
same one as shown in figure In order to compare the results between the
larger and the smaller electrodes the same experiment, consisting of an [SLB|of

99.75 mol% [POPCl and 0.25 mol% in patterns of the same size, was car-
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Figure 4.23: Relative increase in concentration/fluorescence intensity in the central region
of a trapping device determined by calculation and experiment. (Experimental
data courtesy of Peng Bao)

ried out for both electrode set ups. For the macroscopic electrodes the pattern
was produced using for the miniaturised version the pattern in the

consisted of SU-8 photoresist.

A comparison between the two systems is shown in figure It can be
seen, that after the same experimental time of 30 min the macroscopic electrodes
have achieved more transport into the trapping regions than the microscopic
ones. This effect could be overcome by increasing the voltage applied to the
microscopic electrodes, as they were used with only 10V applied between them.
This voltage was chosen as the electric field strength was the same in the two

different set ups using only this small voltage.

The time difference taken to achieve concentration in the trapping regions
can be better understood, when the time behaviour of the concentration in the
microscopic electrodes is investigated further. The fluorescence images obtained
at different times after the electric field was applied can be seen in figure
In the first 10 min the tops of the reservoirs are already being emptied but it
then takes more than 100 min to achieve complete transport into the trapping

region of the pattern. This could be attributed to electrostatic repulsion of the
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(a) Macroscopic electrodes (b) Microscopic electrodes

Figure 4.24: Comparison of the fluorescence images obtained for macroscopic and micro-
scopic electrodes after the same concentration time. It can be seen that the
microscopic electrodes have achieved less concentration. The electric field was
20 times lower for the microscopic electrodes.

fluorophore in the thin channel leading towards the trapping region. If this
was the case, the same behaviour should also be observed for the macroscopic
electrodes as the buffer, the concentration of the fluorophore and the strength
of the electric field were identical. Therefore, it is more likely that this effect
is due to the electric field between the patterned electrodes. As can be seen
in figure the electric field in the centre of the pattern is almost constant
but when considering the field strength closer to the electrodes, an exponential
decay of the field can clearly be seen. The top of the reservoirs is much closer
to the top electrode than the bottom of the trapping region is to the bottom
electrode. This leads to the electric field being much stronger in the top region of
the pattern and weaker in the bottom region. Therefore, the slower movement of
the charged fluorophore closer to the concentration region can be explained with
the decay of the electric field in the same region. If shorter experimental times
are required, the voltage applied can be increased two- or three-fold reducing

the experimental time to several tens of minutes instead of hours.
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(a) 10 min (b) 30 min
(c) 60 min (d) 120 min

(e) 160 min

Figure 4.25: Fluorescence images taken at different times showing the achieved transport
in a concentration pattern between microscopic electrodes. Transport out of
the reservoir towards the trapping region is achieved quickly while the transport
through the bottleneck into the trapping region is slow.
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Figure 4.26: Chemical structure of the two isomers in [PEDOT:PSS Poly(3,4-
ethylenedioxythiophene) (PEDOT) is shown on the left and polystyrene sulfonate
(PSS) is on the right.

4.2.2 New Electrode Material

Instead of using metals as the electrode material other electrodes could also
be used as patterned electrode materials. A good candidate for such a mate-
rial is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT.PSS). It
is a polymer which can be used in a water-based solution consisting of two

individual ionomers, as can be seen in figure [4.26]

Using this polymer from a dispersion of gelled particles in water allows
for a wide range of applications for pattering the polymer onto a surface. It
can be spin-coated (Jonsson et al.,[2003), ink-jet printed (Xiong and Liu, 2012),
microcontact printed (Kautmann and Ravoo) 2010), or applied through drop-

casting (Nardes et al., 2007; Pasquier et al., 2005).

Here drop-casting was used to produce two large electrodes on a glass cover
slip. Then, of fibronectin was used to produce a pattern for subsequent

bilayer formation. A schematic of the setup is shown in figure
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Figure 4.27: Schematic of the use of a [PEDOT:PSS| electrode patterned directly on a
glass cover slip. The glass cover slip has a width of 22mm and the pattern is
approximately 10 mm wide.

Initial experiments were promising but a break down of the current between
the electrodes occurred. This is due to the only being able to store a
limited amount of charge. When this amount of charge has been transported
through the current in the solution, the electrodes degrade and the field, and
therefore the current, breaks down. To avoid this, the electrodes
were fabricated thicker by depositing more material on the surface initially. In
addition to this, diethylene glycol was added to the solution at 5 %
by weight. Diethylene glycol acts as a secondary dopant in the layer
and increases the conductivity of the electrode (Erlandsson and Robinson, [2011).

The concentration of using electrodes with an applied
potential of 20V for 30 min can be seen in figure This not only shows
the successful use of polymeric electrodes but also the influence of a small
defect on the trap pattern used in these experiments. The second trap from
the left has a small defect in the channel towards the trapping making the
channel therefore even thinner. This defect results in less charged material
going through the neck and therefore more of it still being above the trap region
because of charge repulsion between the different fluorophore molecules in the
high concentration regions. The difference becomes especially evident when
comparing the two patterns to the left and right of the pattern with the defect.

There, the concentration into the trapping region has advanced much further.
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Figure 4.28: Concentration of [[xRed|in a fibronectin pattern using[PEDOT:PSSelectrodes.
The image was taken 15 min after the electric field was applied. The electric field
strength was 24V cm™1.

This result presents the first time that PEDOT.PSS has been used as a poly-
meric electrode material in conjunction with electrophoresis on lipid bilayers. It
was possible to show that the material can successfully be used to concentrate
in a pattern produced by after the electrodes had been patterned
onto the cover slip by drop-casting. This has made the use of a significantly
lower voltage (20 V instead of 200 V) possible while still maintaining the ability

to transport membrane components based on the electrophoretic force.

4.3 Two-Dimensional Electric Fields

So far, electrophoresis in lipid bilayers has only been used in conjunction with
one-dimensional electric fields, where the charged components of a membrane
are moved in direction of the electric field. This has lead to the patterns being
limited to designs where the use of the electric field is limited. Such patterns
include lines (Liu et al, 2011} Poyton and Cremer, 2013; Tanaka et al., 2007),
squares (Hovis and Boxer, 2000; |Lee and Nam| 2012} Pace et al., 2013; Yoshina-
Ishii and Boxer, 2006), ratchets (van Oudenaarden and Boxer, |[1999), or ratchet

based traps (Cheetham et al., 2011).
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Figure 4.29: Schematic for the electrode patterning to obtain two dimensional electric
fields. The large pads in the corners allow for electrical contact to the elec-
trodes on the glass surface via push-pins. The region in the centre is exposed to
a variable electric field.

In order to advance towards two dimensional fields, the need for more than
two electrodes arises. The electrode design can be seen in figure The pads
are contacted through four separate push pins in the flow cell, allowing for
individual control of the potential of each electrode pair while the liquid volume

is in a sealed and well controlled environment.

Using four electrodes, which are both offset in x- and in y-direction from the
central region where the pattern for the lipid bilayer is, allows for control of
the electric field in both x- and y-direction. To assess the quality of the electric
field in the central region of the pattern, the field was simulated using COMSOL®
Multiphysics (COMSOL) for a sine wave on both pairs of electrodes including a
phase difference. With a 90° phase difference, the two fields overlap such, that

the overall electric field effectively moves in a circle.

It was shown before (see section 4.2.1)) that electrodes can be patterned onto
a glass surface in order to achieve one dimensional electric fields. It is clear that
the electric field lines between two parallel, long electrodes are uniform and

parallel. When using four electrodes close together, the influence of the pattern
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of the electrodes on the electric field lines is not as obvious. When a potential is
applied only to the electrodes in x or only to the electrodes in y direction, the
tield lines will behave as before where only two electrodes were used. Since
the aim of using four electrodes is to not only be able to apply fields in x or y
direction but also to combine the two components in order to achieve arbitrary

fields in two dimensions.

4.3.1 FEA Calculations

To show that the electric field can truly be varied in two dimensions with an
arbitrary direction of the field, the electric field distribution was calculated in
The field distribution in figure shows the results of the calculation.
The electric potential is shown colour coded for the pattern with the electrodes
(top row) and as a zoom-in of the patterned region (bottom row). The case of
only two electrodes having an applied voltage of 10V is seen in the left column
and the case where there are different potentials applied to both the electrode
pairs is shown in the right column. For the case of only two electrodes having an
applied potential it can be seen that the electric field is linear across the pattern
region. The arrows show the electric field direction and strength and are parallel
across the pattern region. When both pairs of electrodes are being used, the field
becomes starts to vary across the pattern region and some of the field drops off
between the electrodes. The central region is less influenced by this effect and
shows more linear behaviour. Therefore, the central region, in which the pattern

lies, can be used for applications in which a constant electric field is needed.

As an example of a pattern which requires arbitrary fields, a spiral was used
here. The pattern can already be seen in figure The spiral in the centre
needs a rotating field to achieve efficient transport of material along the spiral
into the centre. With each rotation of the electric field the charged material

also undergoes one rotation as well and is moved towards the centre. Since the
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Figure 4.30: Calculation of the electric field caused by four electrodes close to each other.
The top row shows an overview including the electrodes themselves, bottom row
shows a zoom in into the region where the pattern (spiral) for the lipid bilayer
is. The electric field can point either in a horizontal direction (left) or, when all
four electrodes are used, in an arbitrary direction (right).

pattern is clockwise, charged material will be moved into the central region if the
electric field is also rotating in a clockwise direction but when the electric field
is rotating counter clockwise the charged material is expelled from the central
region and moved towards the outside of the spiral. Therefore, the spiral can
either be used as a concentrating device or for the controlled release of material

which has previously been concentrated into the central region.

Before an experimental realisation of the spirals was attempted, the use of
the two-dimensional electric fields was optimised. The first parameter which
was considered was the phase shift between the two electrodes. The two pairs
of electrodes are independently accessible and can therefore be used to obtain
any phase shift desired, not only in a simulation but also in experiment. In
figure[4.31] the relative increase of the charged material in the central region after

10h is plotted against the phase shift for different period times of the overall
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Figure 4.31: Relative increase of charged material in the central region of a spiral after 10h
experimental time for different period times (shown in seconds) plotted against
phase shift. The optimal condition for any period is a 90° phase shift between
the electrodes. The relative concentration increases with increase of the period
until a period time of 2.67 h after which it decreases.

rotation. It can clearly be seen that the most efficient phase shift is independent
of the period chosen for the experiment and is at 90°. The overall efficiency
increases with the period time until the period reaches 9600 s. Further increases
in the period time results in decreases in the final concentration in the central
region, as can be seen from the dashed lines. From this graph the optimum
period is 9600 s with a phase shift of 90°.

The 10h overall time T for the experiment assumed in the simulation so far
is rather long and it can be beneficial to have optimum concentration in shorter
overall experimental times. To analyse the situation for shorter experimental
times, the relative final concentration in the central region was plotted against
the period w. In this case, the different data sets correspond to different overall
experimental times. Immediately, it can be seen from figure that the final
relative concentration increases for longer overall experimental times. The
graph also shows that for each given overall experimental time there is an
increase in the final concentration until the optimum value is reached. The

tinal concentration then drops off in steps and does not increase again. A close
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Figure 4.32: Relative final increase in the centre of a spiral pattern plotted against the
period of the electric field for different overall experimental times. For any given
overall experimental time, the optimal period is such that 3.75 rotations of the
field are reached.

analysis shows that the optimum for the relative final concentration is reached

when

w
= =375, (4.10)

The reason for this is the shape of the pattern. Charged lipids initially located at
the outer end of the spiral have to cover 3.75 revolutions in the spiral to reach the
central region. When less rotations are achieved (i.e. the period is longer than
the optimum) within the experimental time, the charged lipids from the outside
do not reach the central region and the relative final concentration therefore is
lower. For shorter periods and thus more rotations of the field, not all of the
charged lipids follow the electric field quick enough and are left behind, making

the spiral less efficient for shorter periods.

In conclusion, the spirals highest efficiency depends on the maximum ex-
perimental time T. When this is known, the period should be chosen such that

w = % to get the maximum amount of charged material into the central region.
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(a) White light image

(b) Initial (c) After 4 cycles

Figure 4.33: Experimental realisation of the spiral pattern. The black scale bar is 100 pm,
the white scale bar is 50 pm, the fluorescence signal is from [TxRedl in the lipid
bilayer. It can be seen that the use of two dimensional electric fields lead to
an increase of charged, fluorescent lipids in the central region of the pattern.
(Images taken by Ying Zhang)

4.3.2 Experimental Realisation

The spiral pattern has also been realised experimentally. The pattern was fab-
ricated using SU-8 photoresist as a barrier material and glass as a support for
bilayer formation between the SU-8 barriers. The overall design of the pattern

and the electrodes next to the pattern is shown in figure

As a charged membrane component [[xRed was chosen at a concentration
of 0.025mol%. The pattern with the formed as described in the previous
section can be seen in figure After four cycles a significant part of the
has been transported to the central region (figure [4.33d).
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Figure 4.34: Relative increase in concentration of the [TxRedl fluorophore in the central
region of a spiral pattern. The pattern used for this experiment is shown in
figure[4.33] With every full rotation of the electric field, the relative concentration
in the central region increases.

The analysis of the spiral pattern shows that the behaviour is as expected
from the calculations. With every full cycle of the field, more charged material
is moved into the central region. In figure the relative increase of the
fluorophore in the central region is plotted against the cycle number. The steps
towards higher concentration in the central region coincide with the completion
of the cycles of the electric field and the final relative increase in concentration is

almost 4.5 fold

It can also be seen in figure that in each cycle a small portion of charged
material is lost after an increase was reached previously. This is due to a portion
of the charged material, which has been concentrated into the central region,
moving out of the centre again. The pattern could be improved by changing
the pattern such that moving out of the central region would be made more
difficult once charged material has been concentrated in the centre. This would
be achieved by adding a small barrier into the inlet, making the pattern more
like a fish trap, which allows for easy access into the trap region but prevents an

easy exit from the same region.
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Figure 4.35: Two spirals connected to each other. The bottom spiral is wound up clockwise,
the top spiral counter clockwise. The top spirals releases material into the bottom
spiral. As the electric field also forces charged material through the connector
part, the relative concentration reached in the central region of the bottom spiral
can be increased by using this pattern over a single spiral. The charged material
in the connector region is behind the charged material in the spiral region as the
field is optimised to move material in a spiral pattern.

The spiral pattern can also be used twice in a bigger overall pattern. When
two spirals are arranged such that one of the spirals is wound up counter
clockwise and one is wound up clockwise and the two spirals are connected to
each other, one spiral can be used to feed charged material into the other spiral.
The electric field will make the charged material follow its pattern in both the
spirals. Depending on the orientation of the spiral, this will either lead to an
increase in the concentration in the centre of the spiral or to an expulsion of
material from the spiral. A pattern with two spirals can be seen in figure
The result was obtained after four cycles of the electric field rotation. Since more
than one rotation was completed, the top spiral has expelled material towards
the bottom ratchet. This can be seen as the red region in the connection between

the two spirals.
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4.4 Conclusion

This chapter presents new methods of manipulating charged membrane com-
ponents. New electrode materials, electrode patterns and ways for applying
electric fields are discussed. The toolbox has been expanded from means of
transportation using Brownian ratchets to compact patterns, which make use
of two-dimensional electric fields, and can be used for either concentration or
controlled release. In addition to that, a pattern for the fast concentration of ma-
terial using DC fields and subsequent capture is shown. The applications for the
latter are also presented and it is shown that it can be used to determine binding

coefficients quickly with only a single fluorescence image.
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Chapter 5

Read-out Methods for Light
Harvesting Proteins in Lipid

Bilayers

This chapter presents several steps taken towards the incorporation and de-
tection of light harvesting proteins in solid supported lipid bilayers (SLBk).
Firstly, novel supports are discussed, which allow for the incorporation of mem-
brane proteins with significant extramembranous domains. Secondly, surface
enhanced Raman scattering (SERS) is shown to be a useful, label-free method of

investigation of SLBk. Finally, electrochemical read-out methods are presented.

5.1 Novel Polymeric Supports For Lipid Bilayers

One of the main disadvantages of using for the investigation of lipid
bilayers is their proximity to their support. Between the and the substrate
there is a water reservoir of only around 1 nm thickness (Cremer and Boxer, 1999;
Johnson et al., 1991 Min et al., 2010; Ogawa et al., 2009). Membrane proteins
which have extramembranous domains larger than the water cushioning layer
will interact with the substrate, become immobile, and can even be denatured.

To overcome this problem, various novel supports for lipid bilayers have been
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Figure 5.1: Structure ofPMPCl The head group closely resembles the the polar head group
of POPC. The polymeric chains are made of carbon chains, similar to lipid tails.

investigated in the literature (Smith et al., 2005; Zhang et al., 2010) . Independent
of the specific support used, the materials have common properties: they are
hydrophilic to mimic an aqueous environment, they are biocompatible so that
no strong interactions between the and the support occur and they are soft,

allowing membrane proteins to protrude into the polymer without denaturing.

511 PMPC

Here, the zwitterionic brush poly(2-methacryloyloxyethyl phosphorylcholine)

PMPC) is investigated for its possible use as a support for SLBE. It is well known
to be biocompatible, biomimetic, and hydrophilic (Blanazs et al., 2009; Lomas
et al., 2010) and could therefore be used in experiments involving membrane
proteins with large extramembranous domains. The growth of PMPClis achieved
by atom-transfer radical-polymerisation and was done by the Armes
group in Sheffield. The structure of is shown in figure[5.1{and it can be

seen that the structure resembles the head group of a lipid molecule.



Read-out Methods for Light Harvesting Proteins in Lipid Bilayers 201

Vesicle Fusion

Initially, the attempt was made to form on[PMP(brushes using the vesicle
fusion method, which allows for the incorporation of proteins using proteolipo-
somes instead of vesicles containing only lipids. This would be an easy method
to incorporate light harvesting proteins into [SLBk, which has been used for sev-
eral other proteins (Dewa et al., [2006; Karatekin and Rothman, 2012; |Trépout
et al., 2007). First experiments were carried using only 1-palmitoyl-2-oleoylphos-
phatidylcholine (POPC) vesicles. This lead to no significant coverage of on
the polymer brush, as can be seen in figure The top image is a typical image
of POPC vesicles on the PMPClbrush. The vesicles adsorb in small numbers on
the surface but do not rupture to form a continuous The bottom images
in figure[5.2|show the rare example of a patch of formed on aPMPC|brush.
This could be because the random distribution of vesicles led to a very high
concentration of them in this specific region, resulting in rupture of the vesicles

limited to this region or even a defect in the polymer substrate.

Since the experiments with [POPC| vesicles did not lead to a significant cov-
erage of the brush with the vesicle composition was changed. Despite
the surface being neutral at pH 7, the brush is zwitterionic and has an
amine group at the surface. This lead to the assumption that charged lipids
might increase the interaction of the brush with the vesicles and therefore lead
to a higher surface coverage of vesicles on the brush, finally resulting in the
formation of [SLBk. To test this hypothesis, lipid vesicles containing 25mol%
of either 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) or 1,2-dioleoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) were used to give the vesicles
a positive or a negative net charge. The vesicles were then incubated with the
polymer substrates for up to 24 h. The results are shown in figure It can be

seen that for the case of [DOPGIno significant adsorption of vesicles to the sur-
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Figure 5.2: Results of vesicle fusion experiments using [POPC only in vesicles on a
brush. Vesicles were incubated overnight on the samples and patches like in the
bottom to images were observed in few cases, most of the surface was covered in
unfused and unruptured vesicles as seen in the top image.

face occurred. In contrast to that, when using [DOTAP|in the vesicles there are

regions of varying density of vesicle coverage visible.

Using charged vesicles, the interaction between the surface and the lipids
seems to have increased, especially for the positively charged lipids; but so far the
formation of a continuous [SLBhas not been observed. To increase the attractive
forces between the negatively charged vesicles, Ca>* ions were introduced to the

solution. It is well known that the two positive charges on the Ca** can add to

the attraction and subsequent fusion of two vesicles (Kataoka-Hamai et al., 2010;

Richter et al., 2003; |Vequi-Suplicy et al., 2010). In order to promote the fusion

of the positively charged lipids, NaCl was dissolved in the buffer solution to

increase the shielding between the different charges and reduce the effects of
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(a) (b)

Figure 5.3: Comparison of the results of using the charged lipids [DOPG| and [DOTAP in
combination with [PMP{ supports. [DOTAP] and [DOPGI were added to 25 mol%
to the vesicles. The dye used was [TxRedl

I."

(a) DOPG with added Caj (b) DOTAP] with added NaCl

Figure 5.4: Comparison of the results when adding either Ca?* or CI”. Both were added
in steps from 10 mM up to 2M and were incubated for at least 2 h per step. The
images shown were taken after incubation with the the strongest ion concentration.

electrostatic repulsion. In figure |5.4{it can be seen that in both cases a difference
to the previous results is visible. For the case of vesicles with the surface
coverage of vesicles has increased, but still there is no bilayer formation visible.
In the case of the vesicles partially made from the surface shows a
much higher coverage of vesicles and regions which indicate a combination of
formation and vesicles adsorbed to the surface. In addition to that, more,
larger vesicles and lipid tubules are visible now, showing that the reduction of
electrostatic repulsion increases the probability of vesicles fusing to form larger

aggregates.
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Since the experiments using had so far produced only vesicles ad-
sorbed to the surface and no bilayer formation has been achieved, not even
in small regions of a sample, further efforts focussed on using vesicles with a
combination of and The previous results showed that bilayer
formation under the conditions tested seemed possible, but not favourable and

no continuous SLB was formed so far.

Freeze Thaw

To increase the possibility of vesicle fusion and rupture, the samples with the
vesicle solution were also exposed to up to five freeze thaw cycles. This method
is normally used in vesicle preparation to homogenise the vesicles (Jackman
et al., 2014; Morigaki et al., 2012; Richter et al., 2003; |Schonherr et al., 2004).
Especially when using charged lipids in combination with an uncharged lipid
species, it can be of importance to have an even distribution of charges between
the vesicles. The flow cell containing both the vesicle solution and the polymer
substrate, was then exposed to several freeze thaw cycles where it was cooled
down to —20 °C and then heated up to room temperature.

The freeze thaw cycles significantly increased the amount of ruptured vesicles.
As can be seen in figure and figure the vesicles started rupturing after
a single freeze thaw cycle and patches of bilayer were formed on the
support. Interestingly, the consisted not only of single layers, but also of
double layers of bilayers. The intensity profile in figure shows that most of
the patches are single layers and the step like increase when the second bilayer
is crossed. The position of the line profile is marked in yellow in figure 5.5b|

More freeze thaw cycles led to further coverage of the surface with [SLBks.
The influence of multiple freeze thaw cycles is shown in figure After three
freeze thaw cycles the patches of lipid became much larger and, as seen in
tigure and figure recovery can be seen in fluorescence recovery after

photobleaching (ERAP) experiments. It can also be seen that the mobile fraction
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Figure 5.5: Patches of an [SLBl on a [PMP( support after a single freeze thaw cycle. The
intensity profile (taken from the yellow line) shows that most of the patches are
single layers but that double bilayers are also present. The scale bar is 40 ym.

is rather low; even 5min after the bleaching pulse there is still a significant
amount of bleached molecules in the initial bleaching region. The diffusion
coefficient obtained from this experiment was 0.2 um? s, which is lower than
what would be expected from an of good quality but is also higher than
what would be expected from vesicles rolling on the surface.

When the amount of freeze thaw cycles is further increased to five, the
coverage of the over the surface of the[PMPCbecomes almost complete (see
tigure . From the image taken 5 min after the bleaching occurred, it can also
be seen from the line profile in the inset that there still is a significant immobile
fraction. This is also reflected in the recovery graph shown in figure 5.6e| where
it can be seen that the mobile fraction is approximately 80 %. The diffusion
coefficient for this experiment was 0.5 um?s~!. Despite this method showing

some progress towards the formation of SLBs on[PMPC] there is also a significant
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(a) Three cycles, immediately after pho- (b) Three cycles, 5min after photo-
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(e) Recovery curve for five cycles

Figure 5.6: Fluorescence images immediately after photobleaching and five minutes after
bleaching for different numbers of freeze-thaw cycles. The inset in [5.6b| shows the
intensity profile across the bleach spot showing that recovery has occurred but
that an immobile fraction is present. The bottom image shows the recovery curve
for five freeze-thaw cycles.

amount of vesicles attaching to the surface. The vesicles were immobile and
could not be removed through rinsing, even when the salt concentration of the

buffer was varied to induce osmotic shock.
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Another interesting effect when freeze thawing on is the chang-
ing of the size of the lipid bilayer patches during imaging. This effect was
especially visible when [FRAPlexperiments were carried out. A possible expla-
nation for this effect is that the heat of the focussed white light on the sample
results in an increased free energy and therefore increased bilayer formation.
The process of bilayer growth can be seen in figure The growth process of
the [SLB/becomes especially clear when the first image is subtracted from the fi-
nal image, as shown in figure It can be seen that the growth of the is on
the edges of existing bilayer regions and that these regions expand. The region
of biggest growth is the centre of the image, where the FRAPlexperiment deliv-
ers most of its energy (i.e. heat) and that the areas away from this region only
experienced little growth. This indicates that the formation of on
needs more driving force than the usual formation of SLBk on solid supports or

self-assembled monolayers (SAME).

Spin Coating

Despite these experiments showing progress towards the formation of
on biocompatible surfaces, the method still needed improvement so that more
continuous are formed on the substrate. Another method of depositing
onto solid substrates is spin coating lipids from solvents. Several solvents
can be used for this process as long as they evaporate quickly and dissolve lipids
easily. It was shown in the literature, that the number of deposited on a
surface can be modified by the spin speed, the solvent used and the concentration
of lipid in the solvent (Mennicke and Salditt, 2002). Here, the lipids chosen were
75mol% and 25mol% in isopropanol, spun at 3000 rpm from a
concentration of 1 mgmL~'. This is expected to result in the formation of a single
without any multilayers.

After the spin coating a dry layer of lipids is obtained on the surface.

When this layer is kept dry and is not allowed to rehydrate, not even from
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Figure 5.7: Growth process of an|[SLBI produced by freeze thaw cycles of vesicle solution on
[PMPC The final image shows the areas of growth by showing only the difference
between the first and the final image produced by subtracting the first image from
the last.
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Figure 5.8: Spin coating of fluorescently labelled lipids onto a support. The lipid
is dry and shows good coverage of the substrate. Since the sample has not been
rehydrated there is no mobility in the lipid layer and the bleach spot shows the
characteristic octagon shape of an immobile layer bleached through an aperture
with the same shape.

humidity from the surrounding air, no bilayer formation is obtained. The lipids
stay on the surface in a disordered, immobile arrangement. When bleaching a
part of the lipid layer formed on the support, no recovery is seen. Figure
even shows the octagon structure of the aperture used for the bleaching. This
means that no diffusion happens, as the edges should start smearing out, even

when only slow diffusion occurs.

In order to obtain an from the adsorbed lipids, the layer has to be
rehydrated. When the flow cell was flushed with phosphate-buffered saline
(PBS) solution, the lipids started to come off the surface and leave behind a layer
of lipids with many defects. The defects obtained when rehydrating the lipid
are seen in In the central regions, the lipids have been bleached for a[FRADI
experiment. In the second image, a small amount of recovery can be seen but

the majority of the lipids is still immobile.

A similar behaviour to the growth of the when using the freeze thaw
method (see figure[5.7) can be seen in the defects after the rehydration of spin

coated lipids on [PMPCl Many small defects occurred upon the rehydration
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Figure 5.9: Defects obtained when rehydrating lipids adsorbed onto [PMPC] using spin coat-
ing. Despite the rehydration, the layer is still immobile. The scale bar is 40 pm
and both bottom images are to the same scale.

of the lipids on PMPCl Before the experiment, the defects are evenly
distributed over all of the sample (see figure5.10). Even in the image directly
after the bleaching, the “repair” of the bilayer can be seen, the dark region in
the centre is more continuous than would be expected from an [SLB with many
defects. When the recovery is completed in the final image, the central region
became a single This shows that the attribution of the repair of the bilayer
to the added energy from heating the bilayer during the bleaching of the [FRAT]

process is a potential explanation for the healing and growth of bilayers formed

on PMPCl

To improve the quality of the formed after spin coating and rehydrating,
the process of rehydration was carried out very slowly. Initially, only the bottom
of the flow cell, which was not in contact with the was brought into
contact with water. This lead to a higher moisture in the atmosphere of the flow
cell from which the lipids on the surface accumulated enough liquid to form an
The[FRAP|experiment shown in figure shows that this lead to a mobile

bilayer with almost no defects.

In order to accommodate proteins in the full hydration has to be
achieved. Therefore, after the slow hydration from the humidity from the atmo-

sphere full hydration has to be achieved. This was done by slowly (20 pL min™
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40 pm

Figure 5.10: Fluorescence images from a [ERAP] experiment on a spin coated, rehydrated
lipid layer on PMPC The images show the before, immediately after bleach and
the recovered image. The[SLBlis mobile and in addition to the mobility shows the
previously seen growth effect and heals in the region which has been bleached.

Figure 5.11: Lipid bilayer on PMP formed by rehydration using moisture from the atmo-
sphere. The left image was taken directly after the bleaching while the second
image was taken 60s later. The images show almost full recovery in a short time
indicating good mobility after the gentle rehydration process. The scale bar is
30 pm.
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(c) Recovery curve

Figure 5.12: Fully rehydrated on a [PMPO support. The [ERAPI experiment showed
almost full recovery and the bilayer showed good mobility. The scale bar is
40 pm. The diffusion coefficient obtained from the fit was 1.1 ym? s~ indicating
the formation of mobile [S[Bl on the polymeric support.

flow speed) adding buffer to the flow cell. The slow rehydration lead to a de-
fect free The diffusion coefficient obtained from a[FRAP]experiment was

1.1 pum? s!, which is of the same order as what we expected from anSLBlon a

glass support (see figure 5.12).

This shows how spin coating of lipids can be used to obtain a defect-free
on a[PMP(support. This method can be controlled to achieve the formation of
a single without the formation of multilayers by choosing the concentration
and spin speed carefully. The showed good mobility and over 90 % mobile

fraction.
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Short-Chain Lipids

Using spin coating of lipids onto the solid support has shown to be a viable
method for the formation of [SLBs. This method gave good results but does
not allow for the incorporation of membrane proteins directly as these would
denature in the solvent needed for spin coating. The proteins could still be incor-
porated into the using vesicle fusion to the pre-existing (Karatekin and
Rothman, 2012; Trépout et al., 2007). A more direct method for the incorporation
of proteins into the would be preferable over the indirect method of bilayer
formation and subsequent vesicle fusion. Therefore, short chain lipids were
introduced to reduce the energy needed for the formation of [SLBs. The short
chain lipids act like a detergent and enhance the formation of small patches of
bilayers as the energy required for bilayer formation is reduced. The short-chain
lipids aggregate at the edges of the bilayer patch and significantly reduce the
energy associated with the formation of a bilayer edge compared to the use of

long chained lipids only (Hauser, 2000; Morigaki et al., 2012).

Here 1,2-hexyanoyl-sn-glycero-3-phosphocholine was chosen as
a short-chain lipid. It was used at a concentration of 5 mmol dm in the vesicle
solution. The solution containing the DHPC-C6|was then rinsed out. This leads
to slow detergent removal where more and more of the detergent molecules
leave the and are dissolved in the solution. The detergent concentration in
the solution is constantly driven out of equilibrium with the and therefore
more and more detergent molecules are removed from the This method has

been used with other detergents as well and can be used to incorporate proteins

into an[SLB| (Bayburt, 2003} Kataoka-Hamai et al., 2010; Ranaghan et al., 2011).

Using this method resulted in the formation of patches of varying sizes of
on the As can be seen in figure the patches formed were very
clean patches of without vesicles attached to them. The showed a high
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Figure 5.13: Bilayer patches formed using DHPC-C@l at a concentration of 5 mmoldm™3
and the recovery curve of the associated [ERAP| experiment. The [SLBI shows
good mobility in the patch and the final intensity is close to unity.

mobility and almost no immobile fraction, as shown in the recovery curve of the

[FRADI data.

Longer rinsing with solution containing lower concentration of
did not increase the surface coverage of the patches. Therefore, the substrate
together with the lipid / solution were heated up to 50 °C to increase
thermal energy and remove the short-chain lipids from the patches. The heating
was carried out in a sealed atmosphere at 50 °C for at least 3h. This avoided the
drying out of the flow-cell while it was heated up, and ensured the full flow-cell

having an increased temperature.

The heating of the samples lead to full coverage of the surface with [SLBk.
The results can be seen in figure The lipids used here were again consisting
of 25mol% [DOTAP] and 75 mol% The result was a good quality
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with diffusion coefficients around 1 pm?s™

, as can be seen from the recovery
curve (see figure with mobile fractions greater than 80 %. Although the
quality of the bilayer was good using this method, the defects on the
became evident, when a bilayer of good quality would otherwise form. As seen
in figure the surface of the[PMPC support has many microscopic scratches.
The scratches are due to the production process and inter-sample variability was
very high.

The results shown here present a viable method to deposit from an
aqueous solution directly onto a support only using a heating step at
50 °C. Such a heating step may not be ideal for all membrane proteins but is

more likely to result in functional protein incorporation than spin coating from

a solvent.

512 PCysMA

A second polymer has also been investigated for the formation of on a
polymer support. Despite the result of being promising the substrates
proofed to be difficult to produce to a high quality, as needed for bilayer forma-
tion and the conditions needed were very specific. Therefore, another polymer,

poly(cysteine methacrylate) (PCysMA) was investigated for its ability to support
formation. The structure of is shown in figure 5.15] As[PCysMAl

exhibits a negative surface zeta potential of around —10 mV at physiological pH
(Alswieleh et al., 2014), this polymer support was also combined with positively
charged lipids.

Vesicles were formed using 25 mol% and 75mol% and then
incubated with the polymer surfaces. The vesicles and the polymer
surfaces were then heated to 50 °C for at least 1 h. This resulted in the formation
of clean on the surfaces. The bilayer can be seen in figure and fig-
ure The data from the FRAPlexperiments shows a diffusion coefficient of
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Figure 5.14: Zoom in and overview of [SLBI formation on a support. A heating
procedure was used to form the[SLBl The scale bars are 40 pm (left) and 100 pm
(right). The close up view shows the recovery of the bleach spot area while the
overview shows the defects occurring on a larger scale. A diffusion coefficient of
1pms~! was obtained from the fit (bottom).
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Figure 5.15: Structure of [PCysMA] which was used as a polymer support.

0.9 um? s~! which is within the expected value of an[SLBlon a glass surface. Al-
though a polymer support may be expected to have a higher diffusion coefficient
than an formed on a glass surface, this was not seen here. A reduced mobil-
ity of the lipids can be explained with the increased interaction of the with
the underlying polymer support as both of them are charged and electrostatic

interactions can play a major role here.

In order to develop a read-out method for the light harvesting proteins in
[SLBk, the PCysMA|was not just grown on glass surfaces but also on a gold sur-
tace. The conductive substrate allows for electric read-out methods to be applied
to the bilayer and the containing proteins. Here, electrochemical impedance
spectroscopy (EIS) was used (see section to monitor potential forma-
tion on[PCysMA|grown on conductive surfaces. As before, these surfaces were
incubated with 25 mol% and 75 mol% vesicles, and were heated
up to 50 °C for 1 h. TheEIS/spectra were recorded for the bare gold, gold with

and gold with [PCysMA|after it has been heated up for 1h.

The results in figure show a decrease in the impedance when comparing
the bare gold and the results as it would be expected for the addition
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Figure 5.16: Formation of an on a surface using elevated temperature and
the recovery graph of a[ERAP] experiment. The fluorescence images show the for-
mation of an[SLBlwith a diffusion coefficient obtained from the fit of 0.9 pm?s!.
In addition to the bilayer several unruptured vesicles can also be seen in the flu-
orescence images.

of an extra layer on a surface. After the addition of vesicles in solution a small,
additional decrease in the impedance occurred (cyan triangles). This can be
attributed to the further adsorption of material. After heating the sample to
50 °C for 1h, impedance increased significantly and almost reached the value
of the initial gold layer. An increase in the measured impedance does not agree
with the formation of an if one was formed, a layer with a capacitance of
approximately 0.5uFcm=2 to 1 uFem = for the added would be expected.
To understand the behaviour of the polymer and the added vesicle solution, any
possibly lipids attached to the were removed by thoroughly washing
the surface with isopropanol. The impedance measured after the wash was

identical to the data obtained before, indicating that there were no lipids attached
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Figure 5.17: Heating of [PCysMA] with vesicles investigated using for three individual
experiments. The electrode area was 0.8cm?. The numbers in the legend refer
to different samples showing only small differences between the samples.

to the polymer. This assumption was confirmed when the polymer on gold was
heated to 50 °C without lipids in the solution. The data obtained from this also
agreed with the previously recorded data. Accordingly, the heating step does
not seem to form an when is grown on a gold surface. On the
contrary, the data suggests that the heating step removes the polymer from the
surface and thus, the impedance curve moves away from the curve obtained

from the polymer towards the one obtained from a clean gold surface.

Since the heating method seemed to remove the from the surface
instead of forming a supported the method for bilayer formation on a
conductive surface was changed. Instead of using lipid vesicles on the surfaces,
a detergent, n-Dodecyl 3-D-maltoside (DDM), was added to the lipid solution.
The concentration of was 10mgml~! and it was always ensured that
the solution of multi-lamellar vesicles (MLVk) became clear when adding the
detergent showing that the have broken up and are solubilised through
the detergent. The solution was then incubated on the polymer support for

at least 1h and slowly rinsed out. The slow rinsing process should remove
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Figure 5.18: Impedance spectrum obtained for the detergent removal method on [PCysMA]
In this case the impedance remains low after the addition of the lipids which is
in contrast to what was seen after the incubation and heating steps in [5.17]

the detergent and lead to formation similar to the process described in
section5.1.1]

As can be seen from figure the impedance after the addition of lipids
with a detergent remained in the same region as the on its own. This
shows that in this case the polymer is not removed by the deposition method
of the lipids. Despite the method not removing the polymer from the surface,
it also shows no clear indication of bilayer formation. The impedance drops
slightly after 40 exchanges of 80 % of the liquid volume. During the exchange
of the liquid volume a decrease in the recorded impedance can also be seen,
this indicates that the lipids are forming a more sealing layer as the detergent is

slowly washed out.

5.1.3 Polyethylene Glycol

Another method of forming[SLBk on a polymer support is the use of polyethylene
glycol (PEG). Pegylated lipids are commercially available and is a well
studied and biocompatible polymer (Karatekin and Rothman, 2012). When
pegylated lipids are used, the will have a polymer cushion underneath the
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Figure 5.19: Different conditions of a [PEG supported bilayer: before (left column) and
after (right column) exposure to air. The images from [ERAP| experiments and
their respective recovery curves are shown. The sample has a diffusion coefficient
of 0.8 um?/s] before the exposure to air and 0.4 pums™! after

bilayer and above it. This means that the bilayer will not only be supported by a

soft cushion but also has a water retaining layer on top of it.
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As can be seen in figure the forms when the vesicles are incubated
on the surface. When the sample is dried down and rehydrated (figure[5.19b),
there are a few defects occurring in the [SLB| but the sample is still mostly
covered in an The data shows that the diffusion constant for the
supported has a mobility of 0.8 um?s~! when kept hydrated and a
lower mobility of 0.4 um?s~! when the[SLBis exposed to air and subsequently
rehydrated. The mobile fraction in both cases is very high and exhibits values
above 80 %. It is higher when the substrate has not been dried out indicating
that the quality of the bilayer decreases slightly when the water is removed from

the flow cell and later reintroduced.

5.2 SERS as a Read-Out Method

So far fluorescence has been used as the main read-out method for localisation
of molecules in lipid bilayers. This method is advantageous because of the
ease of use and the inexpensive equipment and material that is needed. The
disadvantages of fluorescence microscopy are that it does not give information
about the molecules which are surrounding the fluorescent molecule and that
adding a fluorescent of around the same size as the molecule investigated can
significantly change the properties of the molecule. Therefore, a label-free
method would be advantageous for many applications. Raman spectroscopy
offers the aforementioned advantages but requires, as discussed in section[2.8.2]
a lot of molecules to give good signal to noise. An improvement can be made,
when is used. This method requires modified substrates but can give

significant enhancement over bulk Raman spectroscopy.

5.2.1 Nanopatterned Surfaces

There are different ways to obtain surface enhancement from different samples.

Instead of using rough metal substrates, which give strong enhancement but no
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Figure 5.20: Microscope image and schematic of the gold nanodot pattern used. The
underlying support is from SiO, which was chosen over silicon to prevent fluo-
rescence quenching.

control over the exact resonance, patterned gold on a silicon dioxide substrate

was used here. The substrates were either gold nanodots or gold nanorods,

similar to structures which have been used before (Felidj et al., 2002, 2003} |Grand

et al., 2005; Tian et al., 2012). The structures give a controlled resonance, which

can be adjusted to the laser wavelength and the scattering of the sample. The
structures initially investigated where gold nanodots of 200 nm diameter with

a spacing of 400 nm between them, a schematic and a microscope image are

shown in figure

The substrate was first tested for its capability to support lipid bilayer for-
mation on it, especially in the region with the nanopattern. Since the substrate
was silicon dioxide, was used as a lipid, which has been used on glass
in several previous experiments and was expected to also work on silicon diox-
ide. After an was formed from vesicle fusion and a [FRAPexperiment was
carried out on the region with the nanopattern. The recovery was monitored
and the change in the variance of the bleach spot was monitored over time. The
diffusion coefficient was measured to be 0.9 um?s~!, which is lower than for an
undergoing free diffusion. A lower value can be expected as the nanopat-
tern hinders the diffusion of the This shows that an can be formed
around a pattern of gold nanodots which should in turn allow for the recording

of SERS|spectra.
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Figure 5.21: An [S[Bl was formed on a nanodot pattern, the [ERAP] experiment showed
good mobility of the lipids in the pattern. The recovery within the region of the
pattern of the nanodots shows the mobility of the [SLBIis maintained despite the

posts hindering full mobility. The diffusion coefficient is reduced to 0.9 pms™1.

Raman spectra were taken using a 633 nm laser which is expected to excite

the localised surface plasmons (LSPs) in the substrate (Walsh and Negro|, 2013).

The enhancement in the sample caused by the strong electric fields around the
nanoposts is then used to obtain the spectra from the sample. Initial testing
of the setup resulted in a weak enhancement but a signal from the bilayer.
Two different structures, nanodots and nanobars which were 100 nm wide and
200nm long, were used. The data is shown in figure and shows a clear
difference between the signal obtained from the silicon substrate without and

with[POPCland the regions with the nanopatterns.
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Figure 5.22: [SERSl data from a [POPC[SLBI formed around gold nanoposts and nanobars
on a silicon dioxide substrate. The sample used is shown in figures and5.21}

Component Wavenumber Vibration Source

Silicon 303 cm™!

521 cm™

963 cm™! (Jorio et al., 2001)
Water 1640 cm™! R

3400 cm™! (Tian et al., 1994)
POPC 963 cm™! C—C all trans chain R

1130 cm™! C—C all trans chain

1300 cm™? CH, twist

1375cm™! c-0O (Saint-Pierre Chazalet et al., 1994)

(partially broken)

Table 5.1: Assignment of some of the bonds seen in the SERSY spectrum.

As seen in table the observed bands can be assigned to a combination of
the signals expected from an[SLB| a silicon substrate and the water layer above
the The vibration observed at 1375cm™! can be assigned to a partially
broken bond, this is a bond where the association between the atoms is weaker
and therefore the distance larger than normally expected. If the bond was not

broken, the vibration would be expected to be at 1700 cm™ L,

The enhancement seen from the pattern is present but not very strong. To
increase the signal, different sizes of nanodots were tested for their ability to gen-
erate surface enhancement. The spacing between the dots was kept constant and

their diameter was varied between 100 nm and 200 nm. As seen in figure



Read-out Methods for Light Harvesting Proteins in Lipid Bilayers 226

1,000

800

600

400

Intensity fcounts

200

o

T T I T L] T I T L] T I T T L] I L] T L] I T T T I T
600 800 1,000 1,200 1,400 1,600
Wavenumber fcm™?

Figure 5.23: Raman spectra of nanodots surrounded by lipid bilayers with varying diameters
of the nanodots. The [SLBl was formed using [POPC| vesicles.

Diameter (innm) 1100cm™ 1400 cm™

100 29 6.1
130 2.33 3.4
160 1 1.8
200 1 1

Table 5.2: Relative peak height of the Raman peaks seen at 1100cm~! and 1400cm™!
both columns were individually normalised to the peak obtained from nanodots
with a diameter of 200 nm.

the signal to noise ratio increases as the size of the nanodots decrease in size.
The increase in the enhancement can also be seen from table 5.2, where the peak
height was normalised to the peaks taken from the 200 nm dots. Although the
relative peak height varies between the two different peaks, the nanodots with a

diameter of 100 nm have the biggest enhancement of the signal.

5.2.2 SERS using Nanoparticles

To further improve the enhancement generated from the nanostructures on the
surface, the experimental set-up was changed. As discussed in section 2.8.2}
the enhancement from a nanoparticle on a metal surface is generated in the

plasmonic hot spot region which occurs between the nanoparticle and the
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Figure 5.24: Schematic of the nanoparticle on a mirror arrangement with an [HLM] in the
hot spot region.

surface (Eah et al., 2005). The system was realised by firstly depositing and

1-octadecanethiol (ODT) on a freshly evaporated gold surface on a sil-
icon wafer. Secondly, vesicles were injected into the flow cell and through
fusion of the vesicles on the hydrophobic surface an hybrid lipid mem-
brane (HLM) of lipids consisting of 75 mol% [POP( and 25 mol% and
the was formed. Gold nanoparticles with a diameter of 80 nm were then
added from solution. Since the nanoparticles have a citrate coating, the charge
on the nanoparticles is negative, while the bilayer is positively charged. The
electrostatic interaction between the nanoparticle and the bilayer were sufficient
to obtain nanoparticles bound to the surface. A schematic of the set-up and the
localisation of the plasmonic hot spot is shown in figure

Since the plasmon resonance is very sensitive to the distance of the nanopar-
ticle to its mirror image, the spectrum of the scattered light can also give in-
formation on the spacing of the nanoparticle and the surface. The dark field
microscopy image in figure shows that individual nanoparticles can be

seen on the surface and scattering spectra were obtained for single nanoparti-
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Figure 5.25: Dark field image of nanoparticles on an [HLM] and the scattering spectra ob-
tained from the nanoparticles circled in the dark field image. The circled nanopar-
ticles on the left correspond to the spectra shown on the right.

cles and are showing in figure It can be seen that the peak position varies
for different nanoparticles. Assuming a refractive index of n = 1.5 between the
nanoparticle and the surface, the resonance frequency for a gap of 10nm is pre-

dicted as 660 nm and for a gap of 4nm is 720nm (Mock et al., 2003). Since the

distance between the nanoparticle and its mirror image is double the distance
of the nanoparticle to the surface, the distance expected for a nanoparticle on a
bilayer to its mirror image is 10 nm and when the nanoparticle is on the
where there is a defect in the bilayer, the distance would be 4 nm. The predicted
resonance frequencies for these distances can be seen in the green and cyan
curve respectively in figure The other graphs could be due to nanopar-
ticles being further away from the surface than 5nm if they are not strongly

bound to the surface.

The system improved by the nanoparticles was then used to obtain
spectra. As can be seen in figure the signal obtained was significantly
increased in this system compared to the previous results. This is attributed to
the more localised plasmons which are now more focussed on the compared

to the previous system, where the nanodots have a height of 50nm and the
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Figure 5.26: [SERS] spectra obtained from an [HLM] consisting of DOTAP] and [POP(] from
different nanoparticles on the[HLMI The green, blue and red curve represent the
bulk Raman spectra from [ODT] [POP(] and [DOTAP] respectively.

plasmon is therefore on average 25 nm above the surface. The more localised
and more focussed plasmon can be seen in the enhancement of the signal.

The yellow spectra shown in figure[5.26|are taken from different nanoparticles
on the same sample. The spectra show that[SERS|is a very sensitive technique,
which can result in the enhancement of different bonds in different conditions.
Some of the peaks are very clear and pronounced in some spectra, while being
much smaller in other spectra. When comparing the spectra from the
with the bulk spectra from (green), (blue) and (red),
it can be seen that the obtained spectrum is the result from the combination of
the three spectra. As typical with not all of the vibrations seen in the bulk
spectra are enhanced and not all of the vibrations which are seen are also seen in
the bulk spectra (Kneipp et al.,[1997; Weitz et al., 1983). The assignment of the
highest peaks is shown in table

To show the spectra obtained were mainly due to the and not due
to organic contamination, the experiments described above were carried out

with deuterated lipids. Changing the C—H bonds to C—D bonds gives rise
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Table 5.3: Main Raman peaks seen in figure and their assignment.

Vibration Wavenumber
v C—N 720 cm !
w CH, 762 cm™!

v choline 907 cm™!
v C—C 1003 cm™!
v C—C 1126 cm™!
Vas PO; 1229 cm™!

6sym CH; ~ 1378cm™!

VsymCH, 2853 cm™!
v2sCH, 2923 cm™!
vasCH; 2955 cm™!
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Figure 5.27: [SERSY| spectra obtained from an [HLM| consisting of deuterated lipids. For
comparison the spectra from the non-deuterated lipids and the [SAM] alone are

also shown.

to significant changes in the Raman spectrum. The C—H vibrations seen in
the region of 3000 cm™! are shifted by around 1000 cm™! to 2000 cm™! while the
vibrations observed by the C—C or O—P—O vibrations do not change their
positions. The spectra obtained with assigned peaks can be seen in figure
This method also has the ability to distinguish between different membrane
components. When used with a membrane consisting of POPC| gramicidin and
1-palmitoyl-2-(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (DiPC), the
different membrane components can be identified individually in the spectra.

Figure shows the bulk spectra for the lipids [POPC and [DiPCl and for the
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Figure 5.28: [SERY| spectra of [HLMk containing different membrane components, grami-
cidin and DiP The bilayer was formed from POPC with 2 mol% DiPCl Gram-
icidin was added from solution after the formation of the [SLBI

polypeptide gramicidin. In addition to that, it can be seen that upon the addition
of either or gramicidin the peak in the fingerprint region for each of them
appears. The peak around 2100 cm™! occurs only upon the addition of
while this region is free of any peaks otherwise. Gramicidin can be identified
through the peak at 3100 cm™! which is also unique to gramicidin and is not

present in either the lipid or the spectrum.

5.2.3 Cyclic Voltammetry with Nanoparticles

An interesting observation was made, when gold nanoparticles of the same
size as the ones used for the experiments, were used for cyclic voltam-
metry (CV) experiments. The nanoparticles seemed to increase the oxidation
and reduction peaks obtained from different samples significantly, as seen in
figure Here the[CVlcurves obtained from containing of and a
mixture of POPCland ubiquinone Q10 were compared. In all cases the ad-
dition of gold nanoparticles lead to a significant increase in the peaks and even
added a second peak to the data. The nanoparticles seem to add extra electrode
area to the allowing for an increase in the oxidation and reduction peaks. In

addition to that, the citrate coating of the nanoparticles itself is responsible for
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Figure 5.29: Nanoparticle enhanced [CV]experiments on bilayers and bilayers containing[UQ|
taken at a scan speed of 25 mV s~1. Despite an increase in the peak height upon
the addition of gold nanoparticles, the [UQ| oxidation and reduction peaks cannot
be seen.

one of the oxidation and reduction peaks. The potentials found here, agree well
with potentials for the citrate coating given in the literature (Van Hoonacker and
Englebienne, 2006).

As the nanoparticles significantly enhanced the reduction and oxidation
peaks obtained from SLBE, the influence of the nanoparticles on the was
investigates further. When the charged nanoparticles are on top of the and
a potential is applied, it is not clear what happens to the nanoparticle and the
The different configurations possible are shown in figure With the
significant enhancement from the nanoparticles it would be possible that the
bilayer is penetrated by the nanoparticle and is now either within the or has
removed the lipids partially, as shown in figure and figure

To further understand the influence of an electric field applied to an
with nanoparticles attached, impedance spectra were taken at different time
points. When the EIS spectrum was taken from the [SLB|with attached nanoparti-
cles (NP5) before the CV data was taken (black data points in figure , the
capacitance from the bilayer was below 1uFcm™2, which is expected from a

good quality [SLB|(Lin et al., 2012). The CV experiment conducted here was the
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Figure 5.31: Impedance spectra of an [HLM] with 80 nm gold [NPk attached to the surface
before and after taking CV data. The electrode area was 0.8 cm?.

same as shown in figure[5.29} i.e. a a scan from —0.3 V to 0.3 V scanned at a speed
of 50mV st

After the CV measurement has taken place, the EIS data obtained from the
[SLBlhas significantly changed. As can be seen in figure[5.31} the capacitance of
the has increased and the curve is much less similar to a full semi circle and

more like a quarter circle (blue data points). This indicates not only a change
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Figure 5.32: Impedance spectra of an [SLBl with 80 nm gold [NPk attached to the surface
before the CV measurements, 5 min after and 30 min after the CV measurements.
The electrode area was 0.8 cm?.

to the but also a decrease in the quality of the capacitor. The decrease in
quality is attributed to the penetrating the

After the electric field is switched off, the are no longer forced into
the and the lipids are also free to diffuse. Therefore, changes to the
can occur over time. To investigate the change in the bilayer over time, EIS
spectra were taken before, 5 min and 30 min after the CV measurement. As can
be seen from figure the change in the properties of the[SLBlis reversing with
time. The spectrum taken after 30 min is almost identical to the initial spectrum
while the spectrum taken after 5min shows the differences discussed before.
This indicates that, although taking the CV influences the and the NDk, the
induced change is fully reversing and the configuration is the same as it has
been initially, as shown in figure The results for the resistance Rgy g and
capacitance Cgp g of the membrane are shown in table It can be seen that
there is a significant change in the capacitance of the membrane when the CV
data has been taken while the resistance of the membrane remains within a 10 %

variation of the initial measurement and is consistent with resistances obtained
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QsL Rgr
Before CV 0.62puFem™> 240kQcm™
5min after CV  1.69uFcm™2  260kQ cm™
30min after CV  0.59puFcm™2 280kQcm™2

Table 5.4: Resistances and capacitances obtained from the fits to the data shown in fig-
ure 5.31] and figure The equivalent circuit used consisted of a serial circuit
of a resistance for the solution, a capacitance for the interface between the surface
and the solution and a constant phase element and a resistor in parallel to represent
the membrane with potential defects, as shown in figure [5.30a]

in the literature (Naumann et al, 1999). The final capacitance 30 min after the

CV procedure is almost identical to the initially recorded one.

5.3 Towards Light Harvesting Proteins in Lipid Bi-

layers

Different steps have been taken towards the incorporation of light harvesting

proteins into[SLBk. Here an overview of different experiments is presented.

5.3.1 Light Harvesting Systems

The choice of detergent can be very important when working with membrane
proteins. The detergent can either ensure the membrane protein can become
water soluble with the detergent molecules ensuring that the membrane domains
of the protein are enclosed by detergent molecules or can change the properties of
the membrane protein by denaturing the protein. The light harvesting complex
IIs (LH25) from Rhodobacter sphaeroides were produced in[DDM]containing buffer
solution. The solubilised the membrane proteins. The disadvantage of
using is its low critical micelle concentration (CMC). The low [CMCmakes
methods involving rapid dilution of detergent for the formation of vesicles
very difficult, as the dilution has to be to a very high degree. Therefore, it

was investigated if octyle glucoside (OG) could be used as a detergent for LH2
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Figure 5.33: UV-Vis spectrum of [LH2| in the [DDM] containing solution as received and
after dialysis in different solutions containing either DDM] or [OGL The structural
change in [DDM] buffer is reversed upon dialysis into an containing solution.

Despite [OGl having been used in combination with [LH2before, only membrane
incorporation and organisation and not the functionality of [LH2 was shown

(Dewa et al., 2006).

In figure it can be seen that after dialysis of the LH2l containing solution
from a [DDMbuffer (black) to an containing buffer (red). The peak of the
reaction centre (RC) at 800 nm has blue-shifted by around 40 nm, the triple peaks
around 500 nm have also reduced and almost became invisible. This shows that
the detergent can have a big influence on the protein structure and therefore
on the protein function. The graph also shows that, when re-dialysing the
sample into a[DDM]|buffer (blue), the peaks move back to their original position.
The changes due to the detergent have thus been reversed and the protein has
changed its structure back to the original structure, showing thatlOG can be used
as a detergent in combination with and that the structure might change
when is introduced but that this change is reversible upon removal of
This removal of [OG would also be the case when the protein is incorporated

into an[SLB when the formation of the is completed.
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Figure 5.34: Raman spectra of the bulk vesicle solution containing vesicles from Rhodobac-
ter sphaeroides and [POP(, the surface region with nanodots and the surface
without nanodots. The vesicle solution shows a Raman spectrum which can
be assigned to the components of the light harvesting complex but the nanodots
show no enhancement of the Raman signal over a region of the substrate without
gold nanodots.

As samples containing the full vesicles of Rhodobacter sphaeroides with all the
components of the light harvesting cycle could be able to form [SLBs, especially
when mixed with vesicles (Dodd et al., 2008). Therefore, the natural
membrane vesicles were mixed with 80 % by weight tip sonicated POPClvesicles
and were incubated on a sample with nanodots with a diameter of 100 nm.
When an is formed, this should allow for the detection of the proteins using
from the nanodots.

As seen in figure the bulk spectrum (black) of the solution containing
the vesicle mixture clearly shows features of the membrane proteins involved
in the light harvesting cycle. When the solution is then rinsed out to be able
to measure the Raman spectrum from the surface only, most of these features
disappear (red) and only the peaks which were the strongest initially are still
seen. This indicates that the either surface enhancement from the nanoparticles
is too weak to obtain scattering from the or that the has not formed.

The latter is more likely since samples with the same geometry have produced
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surface enhancement from formed from lipids only. In addition to that
the signal obtained did not change when the spectrum was taken from bare
silicon not from the region of the nanodots (blue). This indicates that the peaks
obtained were from dilute vesicles still present in the solution or on the surface

but not from an on the surface.

Despite the of full vesicles from the Rhodobacter sphaeroides membrane not
forming, the incorporation of RCLH1 into could be achieved using rapid
dilution of lipids and proteins dissolved in an|OG|solution (Stamouli et al., 2003).
Using a YFP-tagged variant of the light harvesting proteins, fluorescence images
showing the YFP in the membrane were recorded. The final concentration of the
protein in the membrane was lower than expected but the yellow fluorescence
of the YFP can still be seen in figure The [FRAP] experiment carried out
showed a diffusion coefficient of 0.35 um? s~!. The lowered diffusion coefficient
when comparing this result with [FRAP| experiments carried out without the
light harvesting proteins indicates that the actual concentration of protein in the
membrane is probably higher than seen from the fluorescence image, especially
when comparing the 2 % by weight of the protein to the 0.5 mol% for the

used in the and the obtained fluorescence signal from each of them.

5.3.2 Cytochrome bcl

The incorporation of cytochrome bcl into a membrane can be measured in
different ways. Controlling the incorporation of the protein is easiest, when it is
tagged with a marker. Here, two different labelled versions of cytochromes are
discussed, one with a fluorescent marker and one with a gold bead attached to
it.

Using gold beads as a marker for a proteins allows the protein to be seen
in different imaging methods such as atomic force microscopy (AEM), electron

microscopy (Cartron et al,, 2014) or dark field microscopy. When the gold
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Figure 5.35: Overlay of two fluorescence images of a[TxRed|labelled LBl with YFP-tagged
RCLH1 incorporated into the membrane. The red background shows the forma-
tion of an while the yellow dots show potential regions with YFP-tagged
light harvesting proteins.

Figure 5.36: Dark field image of gold [NPs with 5nm diameter in solution. The different
colours in the image can be attributed to different aggregate sizes and distances
between aggregates gold nanoparticles resulting in different resonance frequen-
cies.

nanoparticles are attached to the cytochrome bcl, the location of the cytochrome

either in solution or in the membrane can be determined.

The cytochrome bcl used in this case was labelled with 5nm gold nanopar-
ticles. To demonstrate the ability of visualising such small particles, which are
much smaller than the diffraction limited resolution limit of an optical micro-
scope, gold nanoparticles of the same size in solution were used initially. The
solution was drop casted onto a glass cover slip and then observed through

a dark field microscope.
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Figure 5.37: Cytochrome bcl labelled with 5 nm gold [NPk in solution as seen under a dark
field microscope. The images suggest that the cytochrome forms clusters in the
membrane.

As can be seen in figure the show up clearly. The different colours
associated with them are due to either single NPk (red) or clusters of NPk (blue
and yellow). The same experiment was then carried out with the solution
containing cytochrome bcl with gold attached. As seen in figure the
gold [NPs can also be seen clearly in this case. Compared to the gold on
their own, the colour of the scattered light has shifted from the red towards more
blue and yellow clusters. This indicates that many of the particles, and therefore

of the proteins, aggregate in small regions.

The incorporation of cytochrome bcl into could also be shown using
this method. The were formed using the detergent removal method, where
lipids, detergent and proteins are mixed with detergent and the detergent is
slowly washed out (Irépout et al., 2007). The dark field image of the incorpo-
ration of gold labelled cytochrome bcl into an is shown in figure
The advantage of using the gold label is its clear visibility under the dark field

microscope.
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b) Cytochrome bcl cluster zoomed in
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Figure 5.38: Cytochrome bcl incorporated into observed by dark field microscopy.
The images show clusters of the gold [NPk indicating a clustering of the cy-
tochrome in the [SLBl

5.4 Conclusion

In conclusion, this section has shown that there are several methods to deposit
on different polymer surfaces. The vesicle rupture method was not success-
ful in all cases but alternatives to this method were found and presented. The
formation of [SLBk on polymers on conductive surfaces showed less promising
results than the formation of them on glass. This is due to the bond between the
glass and the polymer being stronger than the bond between the gold and the
polymer which requires more gentle treatment.

Nanopatterned substrates were used as an initial method to obtain
spectra of on solid supports. The use of NPk and binding them via elec-
trostatic interactions to the membrane was shown to improve the signal
obtained from the membrane. Different membrane components could be de-
tected through their respective fingerprint regions. This presents a label-free
method of detecting lipids and membrane components.

First steps towards the incorporation of light harvesting components into
were also taken. The incorporation of light harvesting systems was shown

using a fluorescently tagged proteins. Cytochrome bcl with a gold label was
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also incorporated into the membrane and was observed through dark field

Microscopy.
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Chapter 6

Conclusions and Future Work

6.1 Concluding Remarks

This work investigated the diffusion in membranes, the use of electrophoresis
in solid supported lipid bilayers (SLB5s), and how surface enhanced Raman
scattering (SERS) can be used in[SLBE as a label free read-out method for different

components of the membrane.

6.1.1 Diffusion in Membranes & Brownian Ratchets

Diffusion in membranes has been investigated and the influence of different
factors on the observed diffusion coefficient has been shown. The variation in
the diffusion coefficients in by different groups can be accounted for by
some of these influencing factors. In addition to that, the influence of different
dye molecules on the perceived diffusion coefficient has been investigated. In
agreement with previous publications (Hughes et al., 2014), it could be shown
that different dyes interact with membranes differently and therefore have not
only different interaction factors, but also alter the measured diffusion coefficient
significantly.

With the investigation of the efficiency of Brownian ratchets depending on

the size and time parameters used on both the ratchet itself and the applied
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electric field, the use of Brownian ratchets can be increased. This does not only
include Brownian ratchets in[SLBs (Motegi et al.,2012; van Oudenaarden and
Boxer|, 1999), but also Brownian ratchets used for other applications such as
sorting of molecules (Bader et al.,[1999; Huang et al., 2003; |Roeling et al.,[2011)
or the transportation using flashing ratchets (Amengual et al., 2004; Lopez et al.,
2008; Makhnovskii et al., 2004). With the increase in efficiency, these ratchets can

be used more effectively and with smaller experimental times.

6.1.2 Novel Electrodes & Patterns

This work has shown that the classical system of wires in the buffer solution is
a feasible but also improvable method of achieving electrophoresis in an
With classical electrodes, the potentials required to achieve field strengths which
allow significant transport rates are very high and are far beyond what would
be achievable in lab-on-a-chip devices. To improve this situation, it has been
shown that electrodes can be miniaturised and that their behaviour can still be
predicted using finite element analysis (FEEA), despite the electric field not being
perfectly constant in the patterned region of the membrane.

Through the use of differently patterned electrodes, which, instead of having
two, have four electrodes, one on each side of the pattern, it was shown that
two dimensional fields can also be controlled and used for the transport and
concentration of charged membrane components in regions of interest. This
work has presented the use of four electrodes in conjunction with for the
tirst time.

To improve on the time taken to concentrate membrane components in
trapping patterns, instead of using the AC approach used in previous work
(Cheetham et al., 2011), a pattern for was developed here which not only
allows for the concentration of membrane components, as a simple barrier would
as well, but also allows for significant trapping of the charged molecules in the

trapping regions. The increased trapping times have been used to determine
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binding coefficients of different molecules and deoxyribonucleic acid
in a quicker way than using previously used methods such as quartz crystal

microbalance with dissipation (QCM-D)) or surface plasmon resonance (SPR).

6.1.3 Polymer Supports

Different novel polymer supports for the formation of have been investi-
gated. The formation of on both, poly(2-methacryloyloxyethyl phospho-
rylcholine) (PMPC) and poly(cysteine methacrylate) has been shown
using different methods. For methods involving short chain lipids, such
as 1,2-hexyanoyl-sn-glycero-3-phosphocholine (DHPC-C6), acting as detergent
and heating the sample to 50 °C have been shown to be the most promising.
Other methods like spin coating of lipids and subsequent gentle rehydration
have also been shown to form but make the incorporation of membrane
proteins into the more complex. For the formation of from
vesicle solutions is less complex and could be achieved using elevated temper-
atures and positively charged lipids without the need for detergent molecules
or spin coating where solvents would be needed. Such polymers allow for the
incorporation of membrane proteins into the even for proteins with a large
extramembranous domain. Denaturing or immobilisation, as it would occur for
a glass support, is avoided using these polymers.

As the methods used involved elevated temperatures, the formation of
on polymers on conductive supports was less successful. In these cases it could
be shown, that the elevated temperatures remove the polymer off the surface
and therefore are not suitable. Slow detergent removal has been shown to be a

good candidate for an alternative formation method on these surfaces.

6.1.4 Read out Methods

Although fluorescence microscopy can be used as a read-out method for different

questions, it also has several disadvantages. When working with proteins, these
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have to be fluorescently tagged, which is not always a straight-forward process.
Fluorescently labelled lipids are easier to obtain; but with the fluorophore being
of the same molecular weight as the lipids, the properties of the lipid can be
significantly changed. Some of these changes were shown in section 3.1.3/and
The development of a label-free read-out method is therefore of importance
for the investigation of membranes and membrane components.

Here, a method to interrogate hybrid lipid membranes (HLMk) on gold
supports was developed. The combination of the conductive surface with the
addition of gold nanoparticles which are close to the surface creates strong
plasmonic hot-spots between the gold nanoparticle and the conductive surface.
With the HLMIbeing located between the surface and the nanoparticle, the[HLM|
is in the region of the strong enhancement of the electric field. The spectra
obtained from this set-up allowed for the distinction between different lipids
and membrane components, such as gramicidin.

This method does not only allow for the determination of membrane compo-
nents without damaging or influencing the membrane, as other methods like
mass spectrometry would (Pace et al., 2013); it also gives high spatial resolution
as the hot spots created by the nanoparticles are of the order of tens of nm in
diameter. Such a resolution cannot be achieved by optical microscopy. In ad-
dition to the spatial resolution, the spectra are also taken on a very short time
scale and therefore temporal resolution on a second time scale can be achieved

(Taylor et al., [2014).

6.1.5 Light Harvesting Proteins

The investigation of polymer supports for the formation of has led to
the development of several methods which allow for the formation of SLBs on
different substrates, a neutral and a negatively charged polymer. The methods
include the heating of the vesicles and the polymer; therefore it has to be ensured

that the substrate is suitable for these conditions. The substrates support the
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formation of high quality with diffusion coefficients of the same order as a

solid substrate, such as glass (Blakeston et al., 2015).

6.2 Future Work

Brownian ratchets have been shown to be efficient transporters of membrane
components. The ratchets can be optimised in different applications and in the
future can be used in more complex devices. The optimisation of the transport
structure for a given diffusion coefficient could also be used to separate mem-
brane components by their respective diffusion coefficient as this relates to their
electrophoretic mobility through the Einstein equation. Separation of membrane
components has so far only been achieved based on the charge of the lipids

(Groves et al.,1997) or in linear patterns (Pace et al., 2013).

More complex devices could include the initial concentration and subsequent
transport of membrane components away from concentration regions. The
combination of transport and concentration devices has so far not been shown
in the literature. Patterned electrodes could also be used to have electric field
based gates which allow for the initial concentration of membrane components
against the gate, which can then be opened through switching off the external
potential.

The potential of using two dimensional electric fields can also be explored
further. The pattern shown in this work was a proof of concept and opens up the
field to more complex patterns requiring the accurate control of the electric field
applied to the membrane. The patterns can now become much more intricate as
the control over the electric field has increased; with the ability to individually
address each of the electrodes, the charged membrane components can also be

moved in any direction for an arbitrary amount of time.
d y direction f bitrary tof t

The DC approach for the concentration and trapping of charged molecules

has proven its ability to be used in the determination of binding coefficients.
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This is an important tool for further development of drugs acting on membrane
components. The approach can be used for the development of new drug formu-
lations and has the ability to cut down on the cost of research and development
of new drug molecules.

Polymer supports in future can be used in variety of ways. It has been shown
that can be used as a support for under certain conditions, while
under different conditions it stops bilayer formation very well. It can therefore
be used as a method of patterning when the conditions are chosen such
that an forms on the remaining substrate but not on the In addition to
that, can also be used as a neutral, polymeric support for SLBs, when the
conditions for bilayer formation are met.

The use of as an in-situ, label-free read-out method for membrane
components can lead to the development of easier ways of detecting membrane
components. The combination of the work presented here with[HLMk and cyclic
voltammetry in future can be combined to detect oxidised and reduced states
of membrane components such as ubiquinone Q10 (UQ). With the possibility
of time resolved the natural turn over rates of reduced to oxidised states
and vice-versa can be observed in a label-free and direct way. The change in
the Raman spectrum from benzoquinone to hydroquinone can be observed in
the bulk spectrum and could therefore also be observed in spectra of a
membrane.

After gold labelled cytochrome bcl has been incorporated into an[SLB this
method can be explored further. The combination of SERSwith the incorporation
of gold labelled proteins could be used for the detection of the proteins in the
membrane. In addition to that, the local lipid environment of the protein in the

membrane could also be investigated.
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