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Abstract
Tethered bilayer lipid membranes (tBLMs) provide a model platform for the
investigation of various membrane related processes. They are especially suited to study
the incorporation and function of ion channel proteins, where a high background
resistance o f the membrane is essential.
In this study, the electrochemical sealing properties of new tBLMs are characterised and
improved. Membranes o f different compositions have been studied for their ability to
host ion channels using Surface Plasmon Resonance Spectroscopy (SPR) and
Electrochemical Impedance Spectroscopy (EIS).
Several membrane proteins such as carriers, channels and pores were functionally
incorporated and investigated in different tBLM architectures. As a first test of the
functionality of the membrane assembly the carrier valinomycin and the channel
gramicidin were incorporated and their ion selectivity demonstrated with EIS.
The transmembrane fragment M2 of the nicotinic acetylcholine receptor (nAChR) was
embedded into a tBLM by fusion of proteoliposomes with different monolayers. The
pore was selective for small monovalent cations, while bulky ions could not pass the
membrane. The tBLMs provide a platform for the study of ion transport phenomena and
ligand interactions of channels such as the nAChR, as the presented method should be
generally applicable to other membrane proteins.
Incorporation of a-haemolysin, a toxin that leads to lysis of cells by formation o f large
pores in the cell membrane, was achieved. The tBLM provides a fluidity that allows
incorporating the pores, while at the same time providing a submembrane space
between the solid support and the bilayer. This offers the ability to measure ion currents
through the incorporated channels. A membrane architecture specially suited for an
enhanced functionality of the pores was designed and characterised.
Downsizing the membrane area on p-electrodes gave gigaohmic membrane resistances,
showing sealing properties comparable to BLMs. This gigaseal allowed for highly
sensitive measurements o f currents through incorporated a-haemolysin pores.

With this system, a biosensor with modified biological receptors as actual sensing units
is feasible, whereas the high stability opens the perspective of long-term experiments
and continuous monitoring. Thus, a major step towards the use of proteins as stochastic
sensing elements in prospective biosensor applications has been accomplished.
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Introduction

In the pharmaceutical industry, as well as in environmental diagnostics, there is a
growing demand for fast and reliable detection methods on the molecular level. Crucial
parameters for the development of a novel device are high sensitivity and selectivity.
Nature fulfils these requirements with its single molecule detection strategies as in the
case o f receptors integrated into cell membranes. In these biological recognition
processes, an analyte binds to a specific receptor and triggers different transduction
steps. For example, binding to a receptor site situated on an ion channel can change the
conductivity of the channel. From this sensing principle several biosensing concepts
arose. However, most biological receptors and channels work only in their natural
environment, which is a cell membrane.
The cell membrane itself can be understood as a quasi two-dimensional, supramolecular
assembly that consists of amphiphilic lipids, surrounding polymer networks, integral
and peripheral proteins [1]. This bilayer structure embeds the delicate and freely
diffusing membrane proteins and serves as a two-dimensional solvent. The functional
combination of a protective border (the bilayer) and selective gates (the channels) can
realise complex cascadic membrane-mediated processes. Membranes are involved in
nearly all important cellular processes such as signal transduction, cell-cell
communication, cell division, energy generation or cell metabolism [2]. A main reason
why most of the reactions in cells take place at a membrane is the reduction of the
number of reactants of a reaction at a two-dimensional surface.
To fabricate sensor devices with the sensitivity and selectivity comparable to those of
biological systems, the principles o f nature have to be mimicked. A primary problem in
this strategy is the implementation of biological materials into a sensing device. Natural
membranes are far too complex to be used in such a sensor application and only a few
attempts to use natural membranes or whole cells in sensing applications are reported
[3,4]. It is often necessary to create a system that mimics the biological environment in
order to embed proteins without loosing their native conformation. In order to imitate
the complex biological membrane, artificial lipid membrane systems have to be
reconstituted for the functional incorporation of proteins.
The different models that have been developed over the last 50 years are described and
analysed for their feasibility o f a biosensing concept in the following sub-chapters.
Initially, a brief introduction into cells and membranes and their building blocks - the
lipids - is given in the next chapter.
1

1.1

Cells and membranes

The function of all biological cells depends on the well-controlled interplay and material
exchange between different compartments in cells that perform different functions.
Simultaneously, biomembranes are sites of essential biochemical processes, such as
protein biosynthesis or oxidative phosphorylation. The separation into different
compartments opened the possibility for charge separation (as in the charge transfer
chains of mitochondria or photosynthetic membranes) and transient storage of energy in
the form of electrochemical potential gradients [5].

The composition of natural membranes involves about a hundred components and thus
poses a real challenge for the development of new strategies to assemble multicomponent systems. Despite their complexity, these systems allow to explore the
interplay between a biochemical modulation of the physical properties of biomaterials
and the resulting biological functions. By reconstitution of model membranes from a
few lipids and membrane proteins, specific membrane functions can be studied on the
molecular level. Furthermore, studies of model membranes help to gain insight into the
role of universal physical properties for the behaviour and function of biological
materials (such as scaling laws or logarithmic laws typical for two-dimensional
systems). Therefore, artificial and biological membranes are a research field with still
increasing impact to exploit the tricks of nature for biotechnical applications. Examples
are the use of vesicles for drug delivery systems [6] or the combination of membranes
with electronic or optoelectronic devices in order to build biosensors.

1.1.1

Structure and function of biological membranes

Cells are subdivided into compartments which are specialised for one or several welldefined functions. Thus one important function of biomembranes is the formation of
closed compartments for reactions. For a barrier with a thickness of 4-8 nm the
separation quality is extraordinarily high, for example the proton concentration in the
gastric mucosa is maintained by a million higher than in the blood stream [7]. Still
membranes are not just barriers, but permit the exchange of material with the
environment (e. g. other cells or extracellular fluids). In most cases, this exchange is
controlled by specific pumps, transporters and channels that allow the selective
2

transport of ions and other molecules. Besides this specific (active) transport,
membranes are selectively permeable to some molecules, e.g. water and ions. The
parameters that define the permeation speed of particles are their size (the membrane
acts as a filter) and their hydrophilic or lipophilic properties. Non-water soluble
particles permeate much easier than water-soluble ones. Furthermore, electrical charges
impede the permeation (compared to neutral molecules of the same size), as charged
molecules have a higher water-solubility. In electron micrographs, membranes appear as
three-layered architectures. Two dark outer layers are separated by a transparent layer
formed by the lipid phase [8]. This fluid lipid phase that forms the interior of a
membrane is responsible for the permeation behaviour, as lipophilic particles can be
solved through this phase, while hydrophilic molecules are hindered. An exception are
molecules smaller than 0.4 nm which can penetrate via nanopores in the lipid phase [7].

In 1972, Singer and Nicolson developed the fluid mosaic model of the structure of cell
membranes. They proposed a mosaic structure o f alternating globular proteins in a
phospholipid bilayer as the blueprint for all types of membranes [1]. This fluid
bimolecular lipid film acts as a diffusional barrier, while it is doped by peripheral and
integral membrane proteins, as shown in Figure 1-1. The ratio of lipids to proteins can
vary for different types (and functions) of membranes. Membranes formed mostly by
lipids have isolating functions such as the myelin sheaths that enwrap nerves, while in
membranes of chloroplasts the protein concentration can be so high that complex
protein structures with a high functionality are formed.
Peripheral membrane proteins are associated with the bilayer by rather weak noncovalent interactions and can be removed easily by an increase in pH or mild chelating
agents. In the dissociated state they are relatively soluble in aqueous media. The major
part (>70%) of membrane proteins are integral proteins which interact with the lipid
core of the bilayer and remain associated to lipids when isolated (they are highly
insoluble in aqueous buffer). Therefore, dissociation requires drastic treatment with
detergents, denaturants or organic solvents.
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Figure 1-1. Fluid M osaic Model o f a cell membrane.
The m em brane is com posed o f different kinds o f lipids such as glycolipids, phospholipids and
cholesterol. V arious m em brane proteins are associated with the mem brane. Peripheral proteins are
weakly bound to the m em brane while transm em brane proteins are spanning the bilayer.

1.1.2

Lipids in nature

Lipids are amphiphilic molecules mostly build from two hydrophobic acyl chains linked
to a hydrophilic head group. Lipids can be characterised by their structural features,
namely (1) the size and electrical property of the head group (charged, zwitterionic,
neutral), (2) the number of carbon atoms and double bonds and (3) the structural
difference between the two acyl chains of the hydrocarbon part. A large number of
different kinds of lipids are found in nature, e.g. erythrocyte membranes consist of
about 100 different types of lipids [8].

The lipids in animal cell membranes can be divided into four classes (for
simplification): phospholipids, sphingolipids, glycolipids and cholesterol. The group of
phospholipids

can

be

subdivided

into

phosphatidylcholines

(PC),

phosphatidylethanolamines (PE), phosphatidylserines (PS) and phosphatidylinositols
(PI). These lipids consist of two hydrocarbon chains, which are connected via glycerol
and a phosphate group to the functional head group (choline, ethanolamine, serine,
inositol) [9].
A completely different class of amphiphiles occurring in natural bio-membranes are the
bipolar lipids (also called bola lipids) o f archaea bacteria [10]. The most prominent
difference is the use of phytanyl lipids for the hydrophobic part (instead o f fatty acids)
and the ether linkage (instead o f an ester linkage) to the hydrophilic head as shown in
Figure 1-2 in comparison to PC [9]. Both changes lead to an enhanced stability (the
ether linkage against hydrolysis, the phytanyl against oxidation) and thus enable the
4

archaea to live in extreme environments such as high salt concentrations, extreme pHs
and high temperatures up to 110°C [11].

e ste r linkage

JJ

p h osp h och olin e

phosp h och olin e
g

isop ren oic groups-> stability ag a in st oxidation

eth er linkage -> stability again st hydrolysis

Figure 1-2. C om parison o f a phospholipid and an archaea lipid.
A: Structure o f a phospholipid (PC).
B: Structure o f an archaea lipid. The phospholipid with its ester linkage is less stable to hydrolysis
than the archaea lipid with its ether linkage. The isoprenoid units that form the hydrophobic chains
in archaea lead to an enhanced oxidation stability in com parison to the fatty acids in PC.

1.1.3

Lipid polymorphism

The duality of amphiphiles such as lipids determines their aggregation behaviour in
aqueous solutions. Due to the hydrophobic effect lipids tend to form higher aggregates
when suspended in an aqueous phase [12, 13]. This effect leads to a lateral association
of the hydrophobic chains and an assembly of the hydrophobic heads at the air/water
interface in spite of ionic repulsions and steric hindrance [14]. In low concentrations,
lipids tend to form monomeric films at the air/water interface. Upon exceeding a certain
concentration, the critical micellar concentration (CMC), an aggregation process takes
place and micelles and other aggregates are formed. In micelles, the contact o f the
hydrophobic chains with the water phase is minimised by formation of a spherical shell
made from the hydrophilic headgroups. In general applies: the bigger the hydrophobic
part, the smaller is the CMC [15]. This implies that the type of aggregate is determined
by the structure of the lipid. The ratio of the volume of the hydrophobic part to the area
of the hydrophilic head, normalised by the chain length gives the critical packing
parameter (CPP). The CPP can be influenced by charge, temperature, pH and ionic
strength o f the surrounding media, as they influence the area o f the head group [16].
The long chains of fatty acids hinder micelle formation and lead to a bimolecular
arrangement o f the amphiphiles into a double layer. Some supramolecular structures
5

that are formed are shown in Table 1-1, other more complex aggregates such as
cylindrical micelles are possible for lipids with a space requirement in between the
depicted extremes.

Table 1-1. Higher aggregates o f am phiphiles in aqueous solution in relation to the space
requirem ent o f the monomer.
The critical packing param eter is determined by: V, the volum e o f the hydrophobic chains; A, the
area o f the hydrophilic head and 1, the chain-length. (Sim plified after [16|)

space
structure
requirement

CPP
V/

example

/ A'l
sodium

micelle

<0.33

dodecylsulphate

VC

cone

double layer
phosphatidyl

(planar
0.5- 1

bi layer,

choline

vesicles)
cylinder

unsaturated
inverse

>1

micelle

phosphatidylethanolamine

inverse cone

In biological systems the hydrophobic effect leads to partitioning, as no edges are
exposed to solvent and defects in the structure are closed (healed) due to a minimisation
of energy loss. The bilayer structure is energetically more favourable and therefore the
bilayer spreads towards an organisation of the membrane structure towards a closed
division.
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1.2

Model Membranes

Since biological membranes are very complex and difficult to use in technical
applications, model membranes were developed to investigate membrane properties
with a lower number of free parameters and later to employ the methods of nature for
applications such as sensing or drug delivery.

1.2.1

Non-supported membranes

The first developed model membrane systems were non-supported membranes such as
liposomes, giant vesicles and black lipid membranes (BLM). Since their introduction in
the early 1960s synthetic BLMs have been widely used as suitable models of natural
cell membranes, and several ion transport channels and receptors have been
characterised for their electrochemical and kinetic properties. These early model
membranes were either in the form of spheres (liposomes) or 2-dimensional planar
bilayers separating two aqueous reservoirs (BLMs).

1.2.1.1

Liposomes and vesicles

Liposomes are spherically assembled lipid bilayers, where the hydrophobic part is
buried on the inside thus minimising the water contact.

Classification o f Liposomes
Liposomes are divided into different classes, based on their size and uni- or
multilamellar structure. Multilamellar vesicles (MLV) consist of many closed
concentric lamellae, each separated by a thin water layer. The thickness of the water
layer is determined by a balance between attractive van der Waals forces and repulsive
interactions of the adjacent lamellae. MLVs have diameters ranging from 200 nm to
several pm. In contrast, small unilamellar vesicles (SUV) of 20 to 50 nm diameter are
formed by just one bilayer that surrounds a tiny amount of aqueous solution. SUVs can
be made by sonication of a lipid suspension or by extrusion through a membrane with
pores of the desired diameter. The small radius of curvature imposes strain on the lipid
molecules and leads to a metastability of SUVs. This feature makes them easy to fuse to
surfaces and is often used for building sBLMs (see chapter 1.2.2). Large unilamellar
vesicles (LUV) and giant vesicles (GUV) differ from SUV by size. LUVs have sizes
from 100 nm up to 1 pm, while GUVs start at >1 pm and can have up to 200 pm
diameter. The most important difference compared to SUVs is that the larger vesicles
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can take up solutions on the inside and are therefore used in cosmetics or pharmaceutics
for the delivery of substances. They can release their content by fusion with cellular
membranes or by endocytosis [17]. Made by the same material as natural membranes
they can be eliminated from the organism very fast and without leaving residues [18]. If
needed, the lifetime can be enhanced (for example for the time of transport to a certain
area within the body) by attachment of polyethylene glycols to the vesicle surface [19-

22].

Furthermore, liposomes and vesicles are used for the reconstitution of membrane
proteins either for the direct study in the vesicles or for fusion with a preformed planar
bilayer. Mostly this is achieved by lipid-detergent mixtures, where the detergent has to
be removed prior to further studies [23]. Enzymes catalysing oxidative phosphorylation
were reconstituted via this strategy and their function was investigated as well as the
function of enzymes from the respiratory chain [24-26]. The acetylcholine receptor was
also reconstituted into vesicles and examined for its agonist-induced channel regulation
mechanism [27].
Moreover, this reconstitution method enables the incorporation of natural membrane
proteins into planar bilayers and is the method of choice for the incorporation of
sensitive channel proteins into BLMs [28] and even supported bilayers [29, 30].
As a system for membrane studies towards sensing strategies, liposomes have a limited
relevance, as the inner compartment is very small and inaccessible to chemical
manipulation and electrical measurements. This limitation can be overcome by the
formation of planar lipid bilayers as described in the next chapter.

1.2.1.2

Black Lipid Membranes

BLMs are assemblies of two opposing monolayers spanning an aperture that separates
two aqueous compartments. These planar lipid bilayers are extremely well suited for
measurements of trans-membrane currents [31]. They allow the characterisation of the
physicochemical properties of lipid membranes of different compositions and are
especially sensitive to the modification of electrical properties such as conductance,
dielectric constant of the membrane or surface charges. Since minor changes in
conductance can be detected, this method was applied to characterise membrane
spanning proteins, receptors or peptides [32-34]. The enormous advantage of the BLM
technique is that with a tiny amount of material a first hint on e.g. the size of a channel,
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or functional information such as ion selectivity or ligand translocation, can be
achieved.

Formation
There are different types of BLMs, the first one according to Mueller and Rudin, is the
so-called solvent containing membrane [31]. Here the lipid is dissolved in an organic
solvent, mostly decane and painted over the aperture prior to the experiment. On the so
precoated hole, a bilayer will form spontaneously upon exposure to solution. Such
membranes appear slightly more flexible than those produced by the second method, the
so-called solvent free membranes [35]. Here, the lipids are spread with a highly volatile
organic solvent on top of the aqueous buffer. The lipids will organise at the air/water
interface and by lowering the buffer level below the hole in the septum, the first
monolayer is deposited and rising again yields the second monolayer. A great advantage
of this technique is the possibility to form an asymmetric membrane [36]. Although this
method is often named solvent-free, some of the organic solvent is still present. While
both techniques have existed for a long time, a fundamental comparison on the physical
properties is still lacking. Both types of preparation techniques depend crucially on the
treatment prior to membrane formation and on the quality and dimension of the
macroscopic hole across which the membrane is formed [37].
The quality o f the free-standing planar films can be controlled by illuminating the film
and following the reflected light through a microscope. As the film starts to thin out,
coloured reflections are observed and finally a black spot starts to spread over the film.
The changes happening in the membrane are shown schematically in Figure 1-3. The
annealation o f light is due to the interference of the reflected light from the water/lipid
interphase and phase-shifted light from the lipid/water interface, which starts to be
destructive as the pathway through the membrane and back becomes negligible in
comparison to the wavelength.
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Figure 1-3. Tim e dependent thinning o f a BL1M.
The patterns o f reflected light are shown. First the reflected light is grey, and then as the
m em brane thins interference colours can be seen before finally a black spot starts to spread over
the m em brane indicating the form ation o f a bilayer.

The existence of BLMs demonstrates the outstanding material property of lipid bilayers
which are only 4-5 nm thick, but able to cover holes of macroscopic diameter from
micro- to millimetres. This giant area allows for measurements with almost negligible
edge effects. On the other hand, BLMs are systems of local energy minima and tend to
break in order to reach an absolute energy minimum [38]. This property is the major
barrier towards a standardisation and restricts the use of BLMs to the laboratory setup.
Furthermore the lifetime in the order o f 2 hours or less further restricts the application
possibilities. The weakness and instability (to mechanical, acoustical or any other
perturbation) of the BLMs can be overcome by forming the film on a solid support [39].
However, this introduces other problems, like the interaction with the solid support, as
discussed in the next chapter.
Since the annulus (the two ends of the BLM, where it touches the aperture) plays an
important role for the stability of the BLM, the choice of material thickness and orifice
diameter have a major impact on the lifetime of the bilayer [40]. Mostly apertures in
teflon films are used, as they allow BLM capacitances close to those of natural
membranes, which are reported to be 0.3-0.8 pFcm'2 [41].
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The BLM technique has been successfully used to study membrane active substances
[42]. Unlike liposomes or supported membranes, one has direct access to both sides of
the membrane and this allows modifying each side individually. (Investigation of the
orientation of channels from cis and trans side, addition of analytes from just one or
both sides, easy change of buffer on both sides). Conductance measurements of BLMs
allow the direct read out of single channel events with a patch clamp amplifier. This still
forms a problem with other model membrane systems, thus BLMs are still up to now
the method of choice to determine the function and properties of channels. Also the fast
DNA sequencing with manipulated alpha-haemolysin pores is a perspective for the
further use of BLMs [43-46].

However, their application potential in biosensor devices is very limited due to the
limited long-term stability and mechanical fragility [47], even though some examples to
enhance the stability of BLMs can be found in literature. The binding and crystallisation
of S-layer proteins (the outer fragment o f bacterial cell walls) on top of a membrane led
to a lowering of the surface tension and an increase in surface stability [48-51]. The
same resulted by the application of a hydrogel [52] or agarose gel [53, 54] on one or
both sides of a BLM. The lifetime o f a BLM was extended to several days up to weeks
and protein incorporation was still possible, though the diffusion constant over the
membrane was lowered.
Nevertheless, even with an increased stability BLMs cannot easily be integrated,
miniaturised, automatised and parallelised to create a sensing device [55]. To overcome
these limitations the usability of photolithographically designed micromachined
supports was explored by Evans and co-workers [56, 57]. The structures consist of a
planar silver/silver chloride electrode on glass, upon which a small buffer reservoir was
formed by a photoresist. The compartment is sealed from the top by a 100 nm thick gold
film with a circular aperture o f 100 pm diameter. Suspended bilayers were formed by
spreading a solvent-lipid solution on the pre-functionalised gold surface. These bilayers
have resistances of 10 Qcm and capacitances in the range of natural bilayers but only a
lifetime at the best of about 5 hours.

Another approach to stabilise the fragile BLMs is the preparation of bilayers on porous
materials such as microporous filters made of glass fibers [58], polycarbonate
membranes [59] or polyamide microfiltration membranes [60]. A mixed hybrid bilayer
was obtained by painting a lipid mixture over the gold-covered polycarbonate
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membrane that was previously coated with a thiol-SAM. An enhanced lifetime of above
10 hours could be found for this membrane system [61]. Similarly other porous
materials such as highly ordered porous alumina and porous silicon were used by
Steinem and co-workers to form nano- (20-280 nm) and micro-BLMs (1 pm) [62-64].
Single channel recordings of model peptide channels proved successful, but the long
time stability of the system still seems to be a challenge. It was shown that each bilayer
spanning a pore can rupture individually and a strong decrease in the overall resistance
with time was monitored.

1.2.2

Supported membranes

The model membrane systems described so far suffer from a lack of stability, which can
be overcome by the attachment of the membrane to a solid support. These types of
membranes are of special interest due to their high mechanical stability and maintained
fluidity. Another advantage is the possibility to use various surface analytical tools for
the characterisation and study o f these systems that are not applicable with vesicles and
BLMs, such as microscopic techniques, AFM, ellipsometry, FRAP, SPR, EIS and
QCM-D [65].
Supported bilayer lipid membranes (sBLM) can be subdivided into two different
classes: the directly supported bilayers that are separated from the support by a thin
water layer and the bilayers separated from the support by a spacer such as a polymer
cushion or a small tether molecule. As the latter are very important for this work, they
are described and reviewed in a separate chapter (1.2.3 surface-decoupled membranes).

1.2.2.1

directly supported BLMs on different surfaces

The nature of the surface determines the preparation method to form a sBLM as well as
its characteristics. Furthermore the employed characterisation technique determines the
choice of the supporting material. For microscopic techniques, transparent surfaces such
as glass or quartz are needed, while for methods using surface plasmons such as SPR a
noble metal surface is crucial. Though also for the other techniques, but in particular for
AFM, a flat surface is important whereas for ellipsometry, a phase contrast between the
layers and the substrate is required. If the experimenter wants to investigate the
electrochemical properties of the system, an electrically conductive support is essential.
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Common methods for mono- and bilayer formation are Langmuir-Blodgett (LB) and
Langmuir-Schafer transfer of amphiphilic molecules from the air/water interface, as
well as vesicle fusion or spreading [66-69]. In both cases the smoothness of the
substrate is of great impact for the quality of the formed layer. Silicon oxide can be
polished to a very low roughness, whereas mica, an aluminum silicate, is cleaved to
create an atomically flat surface. Glass and quartz exhibit a higher roughness and form
problems with obtaining highly sealing bilayers.
With LB transfer, a control of the composition of both layers and of the lateral packing
density is given. In this technique a solution of the lipid or lipid mixture in a highly
volatile solvent (mostly chloroform) is spread on top of a water film. Upon evaporation
of the solvent the amphiphiles assemble at the air/water interface due to the
hydrophobic effect. Compression of the film leads to an ordered monolayer structure
and film deposition is achieved by slowly pulling a glass slide (or other support)
through the interface. A second layer can be deposited by the Langmuir-Schafer
technique, where the monolayer-coated substrate is pushed horizontally through the
interface of the recompressed monolayer on the trough [70]. Early diffusion
measurements showed a high diffusion constant that surprisingly had the same rate in
both leaflets but no diffusion of incorporated proteins could be measured [71]. An
advantage o f the subsequent layer deposition is the possibility to form asymmetric
bilayers as well as the option to use different transfer pressures and therefore explore the
effects of different lateral organisations [71, 72]. The microstructure and packing
density o f the inner layer determines the structure and density of the outer layer [39].
Brian and McConnell created sBLMs by vesicle fusion of egg PC on glass cover slips
and used the vesicles as transporter for the reconstitution of membrane proteins into the
bilayer [73]. As these glass surfaces are hydrophilic the lipid headgroups can selfassemble directly on the substrate. For vesicle spreading the surface of the support has
to be attractive or the vesicles must be under high tension. Silicious materials exhibit
free silanols and thus are negatively charged. Though PC bilayers have no net charge,
they establish an interfacial potential that can interact with the charges on the surface.
The interfacial forces between the bilayer and the support determines the distance
between them, as this is controlled by attraction and repulsion as well as the hydration
potential of the surface [14]. Vesicle fusion is believed to occur in distinct steps, but the
mechanism is still not fully understood on the molecular level [68]. The isolated
vesicles adsorb, fuse with other vesicles to form larger vesicles, flatten as the lower
bilayer is attracted by the surface and then break open and spread to form bilayer discs
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that merge with each other until the surface is covered as shown in Figure 1-4 [74]. This
leads to defect free bilayers, as all defects are healed during the self-assembly process.
The speed of the fusion process can be tuned by temperature, osmotic pressure or
external stimuli such as calcium, which induces fusion as well as polyethylene glycol
[69, 75-77]. However, in some studies vesicles adsorbed to the surface without breaking
and either pure vesicle layers or coexistent bilayer patches and vesicles were observed
depending on the surface and vesicle concentration [69, 75, 78].

Figure 1-4. Fusion o f vesicles on hydrophilic surfaces.
The vesicles adhere to the surface, fuse with other vesicles and then burst and spread to form a
planar bilayer.

The high packing density is one of the main advantages of vesicle spreading over LB
transfer, where the pressure has to be tuned carefully to get defect free bilayers with
maximum packing density. Another major advantage is the possibility to introduce
membrane proteins into the vesicles prior to fusion which thus circumvents the problem
of subsequent incorporation [71]. If semiconductor supports such as indium tin oxide or
doped silicon dioxide are used, studies of the electrical properties via impedance
spectroscopy can give information about the sealing properties o f the system [79].

1.2.2.2

Hybrid bilayers

Another method to form asymmetric supported bilayers is the fusion of vesicles with a
previously assembled hydrophobic monolayer to form a hybrid bilayer (hBLM). These
architectures have to be classified in between a monolayer and a bilayer, as the
monolayer consists of alkane molecules, while the outer layer is formed by lipids. The
difference to the sBLMs described before is shown in Figure 1-6.
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Figure 1-5. Schem atic representation o f supported and hybrid bilayers.
A: A sBLM consists o f a lipid bilayer separated from the support by a thin w ater layer.
B: In an hBLM the first m onolayer is covalently attached to the support and a lipid m onolayer is
deposited on top. The first m onolayer is consisting o f alkyl chains, instead o f lipids.

This monolayer can be formed either by LB or by self-assembly, which was first
described in 1946 and offers an appealing alternative to Langmuir-Blodgett films. [80].
The process of self-organisation, the spontaneous adsorption of organic molecules from
solution to a surface, is driven by specific interactions between the monolayer
molecules and the surface and the monolayer molecules to each other. It is a still not
fully understood phenomenon that is highly discussed in literature [81-86]. The main
concept is that a self-assembled monolayer (SAM) is an ordered assembly of molecules
that have a headgroup, by which they interact with or bind to a surface. Furthermore, the
molecules have a strong affinity to each other, driven by hydrophobic interactions, van
der Waals attraction, or hydrogen bonds. Due to these interactions, they form an ordered
highly reproducible layer, which stays stable, even after removal from the assembly
solution [85]. Self-assembly is believed to occur in two distinct steps: one fast
adsorption step that yields a surface coverage of higher than 90% followed by a slow
(hours) organisation step towards the final coverage [87]. The hydrophobicity o f the
monolayer can be tuned by different endgroups o f the monolayer molecules, allowing
for direct vesicle fusion on top of the pre-formed monolayer. Often gold is used as
support for these bilayers as the anchor chemistry can be achieved by gold-sulphur
interactions between disulfide or thiol endgroups and the surface. A further advantage
of gold is its inertness to oxidising agents and the possibility to apply analytical
techniques that require a noble metal surface. On other surfaces such as glass, silanes
can be used to form monolayers by SA or LB. The trichlorosilanes used on glass, silicon
and mica cannot only bind to the surface, but react with neighbouring monolayer
molecules to build a network of silanol bonds thus forming very stable films [88, 89].
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The stability of the formed layer depends strongly on the chain length of the used
alkanethiols or alkanesilanes. They should ideally have chain length of 10-18 carbon
atoms, to obtain air stable layers with a high packing density [90, 91]. With decreasing
chain length, the structures become increasingly disordered with a lower packing
density and coverage while above 10 carbon atoms the formed assemblies are in a
crystalline or semi-crystalline state [92, 93].

The second monolayer can be either formed by vesicle fusion [94] or by solvent
exchange. In the latter a concentrated lipid solution in ethanol is added to the preformed
monolayer and by rapid exchange of the solvent with buffer solution a bilayer is created
[95]. Vesicle fusion on hydrophobic surfaces is not as well described as on hydrophilic
supports (see last chapter). The mechanism proposed by Lingler et al. is shown in
Figure 1-6.

Figure 1-6. Fusion o f vesicles on hydrophobic surfaces.
The proposed mechanism o f vesicle fusion on hydrophobic surfaces is shown. First the vesicles
adsorb to the surface, then they start to burst and spread towards the form ation o f a bilayer
structure (after |9 1 |). (So far no interm ediate structures are determ ined.)
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The first step is the adhesion of the vesicles, followed by a bursting of the vesicles and
spreading of the membrane patches towards the formation of a homogenous layer. The
speed of the fusion depends on charges, concentration and temperature [96] and many
papers report the investigations of a variety of lipids on vesicle fusion with techniques
such as AFM, SPR, FRAP, QCM-D and electrochemical methods [88, 91, 97, 98]. The
usage of hydroxy terminated alkanethiols for the monolayer resulted in a hydrophilic
surface, on which an intact lipid bilayer (on top of the alkane monolayer) was formed
through vesicle fusion [99]. These systems were compared to standard hBLMs for their
potential as molecular recognition sites.

hBLMs are stable, reproducible and nearly defect free as judged from their
electrochemical properties which are close to those of BLMs and therefore offer a good
model system for the study of membrane perturbation agents such as the toxin melittin
[100]. Nonetheless does the structure of hBLMs, a lipid monolayer on top of a rigid
alkane layer, limit the possibility to incorporate and study membrane proteins. However
the membrane receptor GM1 was bound to the lipid layer and the binding of cholera
toxin could be measured in hBLMs [101]. This shows one of the possible applications
for hBLMs as models for ligand-receptor or receptor-membrane interactions.

The major drawback of sBLMs is that in their simplest form, there is just a thin water
layer between the bilayer and the support, whereas for hBLMs there is not even this thin
water layer. Therefore, it is not possible to investigate transmembrane proteins or
proteins with extramembraneous domains, as they cannot be incorporated into the
architecture. Thus, the system is restricted to small or peripheral membrane proteins.
The introduction of bilayers separated from the support by either a polymeric cushion or
other spacer units introduced a new era for membrane model systems and led to new
perspectives but also problems that are going to be discussed in the next chapters.

1.2.3 Surface decoupled membranes
The problems of sBLMs and hBLMs can be overcome by separating the bilayer from
the solid support. This reduces the interactions of membrane proteins with the substrate
and thus minimises the risk of denaturation upon contact with the support [65,102-104].
At the same time, this opens the pathways to a new concept of biomimetic membranes,
in which the proteins can be functionally incorporated without loosing their activity due
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to a restricted fluidity. Furthermore, this type of membranes show electrical
capacitances in the range of 0.5 pFcm’ and resistances above 1 MQcm which enables
the measurement of ion fluxes through channel proteins [105-107].
There are different ways to decouple the membranes from the surface; therefore a
classification by the kind of molecule used for the decoupling is made. However, it is
difficult to differentiate between the different surface decoupled model systems;
polymer cushioned and peptide-, protein- or oligosaccharide-tethered bilayers are very
much alike, especially if the same polymeric units just with a different repetition
number are used. Still, they differ greatly in their properties, especially concerning the
electrochemical parameters of the bilayer and the feasibility of protein incorporation.
The here chosen classification and the presented examples do not claim to be absolute
or complete.

1.2.3.1 Polymer cushioned bilayers
In this system, the bilayer is separated from the support by a thin polymeric layer that
acts as a deformable and mobile cushion. (The thickness of the polymer cushion varies
between 1 to 10 nm.) The bilayers are adsorbed to the support and do not loose the
analytical advantages of sBLMs although they are decoupled from the substrate by
flexible polymer chains or networks. Spinke et al. investigated a copolymer containing
hydrophilic and hydrophobic parts and a disulfide unit for anchorage with a gold surface
[108]. They used self-assembly for the charged polymer followed by subsequent vesicle
fusion to form a bilayer. Other groups used hairy rod polymer derivatives from cellulose
to form multilayers by LB transfer [109]. The idea is that the mesh-like lateral structure
of the cushion enables the functional incorporation of membrane proteins, since these
could penetrate into the voids between the network. The most commonly used polymers
are polyethyleneimides (PEI), polyethyleneglycol or cellulose [103, 110-113]. PEI was
found to diffuse beneath a preformed bilayer, cushioning it from below and decoupling
it from the used quartz support [110]. Still a complete bilayer without coexisting intact
vesicles and multilayers was difficult to obtain in this study. The usability of ITO as a
support was investigated, as this transparent semiconductor allows simultaneous optical
fluorescence microscopy and electrical studies. Hairy rod molecules and brush like
structures from cellulose were deposited as first layers and the bilayers formed on top of
these cushions showed resistances of about 1 order of magnitude below that of
freestanding BLMs. However the values were by a factor of 5 higher than those of
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bilayers directly spread on ITO surfaces, showing the progress achieved by the cushion
[112]. Moreover the fluidity determined by FRAP was much closer to that reported for
BLMs than for the other systems mentioned before. Additionally, the functional
incorporation of the channel peptide gramicidin could be demonstrated.
On gold the bilayer was used to study specific recognition reactions of streptavidin with
a biotinylated membrane, showing one possible application of these systems [108].
Furthermore the diffusion constants of incorporated cytochrome bs and annexin V were
determined to prove the high lateral diffusion constant that allows proteins to diffuse
nearly as freely as in natural membranes [103].
Another recently reported way to obtain polymer cushions for the deposition of bilayers
is the introduction of lipid endgroups into the polymer [114]. The used polyacrylamides
were self-assembled via disulfide anchors and fusion of vesicles with the polymeric film
led to a bilayer structure with parts of the lower leaflet directly attached to the surface
by means o f the polymer [115, 116]. Frank and co-workers photocoupled lipopolymers
to functionalised glass substrates and found that the diffusion decreases as a function of
increasing lipopolymer density [117]. The two described types of polymer cushioned
membranes are shown in Figure 1-7.
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Figure 1-7. Schem atic representation o f two polym er cushioned bilayers.
A: The polym er acts as a linker and spacer between the surface and the bilayer merely by
attractive interactions
B: The polym er is covalently anchored to the surface via functionalised groups. Furtherm ore the
polym er exhibits lipid groups that are organised within the lower leaflet o f the bilayer during
vesicle fusion.
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1.2.3.2

Tethered bilayers

The use of a clearly defined rather short tethering unit, which is on one side covalently
bound to the support and on the other to the lipid building the inner leaflet of the
bilayer, is one other possibility of building biomimetic membranes. These tethered
bilayer lipid membranes (tBLM), can be build using alkyl chains [106, 118],
phospholipids [119-121] or cholesterol derivatives [122-125] bound via the tether unit
to the anchor group that is suitable for covalent binding with the support. A schematic
drawing of the tBLM architecture is shown in Figure 1-8. In the case of gold supports
sulphur bearing endgroups are used [104, 126], while for silicon oxide surfaces silanes
have been used [127]. The anchorlipids can self-assemble on the surface and directly
form the first lipid monolayer. The outer leaflet can be deposited by either vesicle
fusion or solvent exchange methods, as described in chapter 1.2.2.2. The spacer acts as
an elastic buffer, decoupling the bilayer from the support and providing an aqueous
compartment beneath the membrane [39, 65, 128]. This hydrogel like reservoir enables
the functional insertion of large membrane spanning proteins that can not easily be
incorporated into sBLMs [107, 120, 129, 130].
The first tBLM architecture was reported by Vogel and co-workers, who synthesised
so-called thiolipids consisting o f two disulfide-linked hydrophilic spacer groups of 1-3
ethoxy groups which are coupled to a phospholipid [121]. They employed Langmuir
Blodgett film transfer and self-assembly for the monolayer preparation and completion
to a bilayer was achieved by detergent dilution. The properties of the tBLM depend
strongly on the tethering part, as the interaction of the lipids with the solid is very
important and has to be tuned carefully [131]. For example, the diffusion properties of
the two leaflets of the bilayer are important for the incorporation of proteins, whereas
the high electrical sealing properties are major factors to enable ion flux exclusively
through embedded pores. Self-healing of defects in the membrane architecture can also
be of interest, as defects enhance the leakage of the membrane. Furthermore, the size
and nature of the water reservoir below the membrane is of great importance, as it is a
prerequisite to enable measurements o f leakage or flux.
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Figure 1-8. Schem atic representation o f a
tethered bilayer.
The first leaflet consists o f anchorlipids which
are attached to the support via a tethering unit
that is bound covalently to the support. In the
case o f gold surfaces the anchorage is achieved
via sulphur chem istry.
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Many different spacer groups have been used throughout literature, the most common
being ethylene oxide [105, 131-134]. However an alternative are oligopeptide sequences
attached to the anchor group, which then form a peptide-tethered membrane [ 102, 119,
120, 135].
Cornell et al. were the first to use archaea lipids with phytanyl chains to stabilise the
bilayer structure [106]. Additionally they introduced full membrane spanning lipids to
further enhance the stability of the architecture [136]. Based on a similar approach,
Schiller synthesised a new thiolipid using phytanyl chains and a tetraethylene glycol
moiety linked to the lipoic acid anchor group [105] yielding a molecule named diphytanyl-glycerol-tetraethylene glycol-lipoic acid ester lipid (DPTL). With this
molecule bilayers with resistances in the 10 MQcm2 range and capacitances around
0.7 pFcm' could be obtained, which is comparable to the values reported for BLMs
[41]. As this molecule is one of the thiolipids used throughout this work, details on
preparation and properties of the system are reported in the results chapters.
Later this molecule gave birth to a whole group of thiolipids based on the same
architecture but with varying spacer length and anchor groups, so that the use was no
longer restricted to gold surfaces [132]. tBLMs on oxidic surfaces and semi-conductor
surfaces were also reported using the same strategy [127].
A different approach to obtain tBLMs is the use o f hanging mercury drops as electrode,
as mercury has the advantage of providing a defect-free fluid surface. Using this
strategy, tBLMs with a thiol peptide spacer could be obtained that were functionalised
with valinomycin though the electrochemical properties of these layers were quite low
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[135]. On mercury it is possible to use the same anchorlipid (DPTL) than on gold
surfaces to improve the sealing properties of the bilayer. However the resistance of the
9

resulting bilayers is at its best around 200 kQcm with capacitances far above 1 pFcm'
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showing a poor organisation of the bilayer compared to gold surfaces [137].

The tBLMs investigated within this work allow for the incorporation of different
membrane proteins, ranging from small carriers and ion channels to huge pores. The
tBLMs provide sufficient fluidity for the assembly and incorporation of channels. At the
same time they provide the electrical sealing properties that are needed to record ion
fluxes exclusively through the embedded proteins [138, 139].The preparation and
characterisation of the used tBLMs is going to be described in more detail in chapter
3.2, while more discussions about systems developed and investigated by other groups
are going to be presented in the corresponding results chapters.

1.2.3.3

Protein-tethered bilayers

To incorporate complex membrane proteins into a tBLM, Naumann et al. explored a
slightly varied strategy [140, 141]. They first immobilised the protein on the support
and then filled up the gaps with a lipid bilayer thus using the protein as the tethering
molecule. The attachment o f cytochrome C oxidase was achieved by its C-terminal histag that was bound to a specially designed metal chelating surface. The bilayer was then
reconstituted by substituting the detergent molecules with lipids using a dialysis
method. The intact redox structures of the protein could be proven by the successful
electron transfer between the electrode and the immobilised enzyme. The catalytic
activity seems to be retained, though no direct proof of the natural form of the protein
could be given. Another problem is the sealing of the bilayer that is lower than for other
tethered bilayer systems. Impedance measurements gave capacitances one order of
magnitude higher than for the tBLMs reported in the last chapter, and a lowered
resistance of only 800 kflcm . This can be attributed to the protein, as the submembrane
space is defined by the cytosolic part of the protein itself during the assembly and this
possibly leads to a less densely packed bilayer.

1.2.3.4

Intact vesicles tethered to a surface

Layers o f intact vesicles tethered to a surface are one appealing alternative for
biomimetic membranes, as the vesicles exhibit a high fluidity that is sometimes
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restricted in other systems [142]. Jenkins et al. used biotinylated vesicles bound via
streptavidin to a biotinylated bilayer on a gold support [143]. The vesicles were loaded
with fluorophores and their release upon vesicle lysis was monitored via SPR and SPFS
studies. The studied membrane lysing enzyme phospholipase A2 is connected to tissue
damage in snake bites (cobra venom) and other inflammatory diseases such as arthritis
[144, 145]. The effect of an inhibitor on lysis was studied and presents a possible
application of the described method e. g. for studying membrane permeation events due
to lysing agents as well as for inhibitor screening.
Recently, the vesicles were attached to a surface by hybridisation with surfaceimmobilised oligonucleotides [146]. Lipid-tagged DNA was added to a preformed
bilayer where it spontaneously embeds itself and forms a mobile anchor [142]. The
DNA-tagged vesicles can bind to these anchors and the binding affinity for different
DNA fragments and its influence on the diffusion were investigated by FRAP
measurements. The two different architectures using vesicles tethered to a surface are
shown in Figure 1-9.

Streptavidin

▼ Biotin

A / V V - . . C holesterol-D N A

F luorophores

Figure 1-9. Schem atic representation o f two tethered vesicle constructs.
On the left side binding o f the vesicle is achieved by biotin streptavidin interactions, on the right
side cholesterol tagged oligonucleotides in the bilayer hybridise with the com plem entary anchors
from the vesicles. The vesicles on the left are loaded with fluorophores that are released upon lysis
o f the vesicles and can be used to study m em brane perm eating agents.
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1.2.3.5

Patterned bilayers

An important step towards the development of a biosensing device is the control over
the lateral size and structure of the bilayer. Patterning is one possibility to define areas
before or after bilayer formation on a large-scale electrode. Lithographic techniques
have been used to pattern grids of photoresist to define arrays of isolated fluid
membrane corrals [147]. The surface is first covered with a photoresist that is then
patterned photolithographically into squares. By vesicle fusion a bilayer is spread on
this preformed structure that exhibits fluid areas inside the corrals separated by barriers
of photoresist. FRAP results showed the fluidity inside the corrals as well as the
separating properties of the barriers [148]. Apart from lithographical techniques, simple
blotting and stamping with a PDMS stamp can be used to create structured bilayers.
When the stamp is transferred to a preformed bilayer it selectively removes material
leaving bilayer patches (blotting). The lifted material from the bilayer can be stamped
onto a fresh surface yielding the negative of the blotted structure (stamping) [149]. A
more advanced approach employs microcontact printing to give patterned cholesterylthiol monolayers leaving wells that are filled by SA with mercaptoethanol.
Subsequently the bilayer is formed by vesicle fusion and a fluid bilayer is only
established inside the wells, whereas the bilayer formed outside the wells is more rigid
[125,150].
Instead of patterning the substrate or the monolayer, Morigaki et a l synthesised
polymerisable lipids that can be cross-linked after bilayer formation. First a bilayer was
prepared by LB transfer, then UV radiation through a suitable mask led to a partly
polymerised bilayer. The monomeric bilayer parts were then removed and filled up with
a fluid bilayer via vesicle fusion [151]. The so-defined corrals are equally separated
from each other as the ones separated by photoresist, but have fewer problems with the
sealing o f the boundaries of the fluid membrane patches as in this case these are formed
by a lipid environment.

24

1.3

Aim of this work

A sensing device that employs biomolecules, such as channels and pores incorporated
into a lipid bilayer as actual sensing units, allows for the electrical readout by an
amplifier when the bilayer is situated on a solid support (e. g. a gold electrode) that acts
as physical transducer. This is schematically depicted in Figure 1-10. Here, an ion
channel with a specific receptor site is coupled to a gold electrode via incorporation into
a tethered membrane. In principle, this enables the measurement of single channel
currents via an amplifier. A change in current is triggered upon binding of the respective
analyte as shown in the lower part of the figure. The frequency of binding reveals the
concentration, whereas the current signature encodes the nature of the analyte. This
approach allows for highly sensitive detection on the molecular level [152]. By use of a
microelectronic array as shown in Figure 1-10 with receptors for different target
molecules the simultaneous detection of many analytes is feasible.
A primary problem in this strategy is the combination of biological materials with solid
surfaces. It is necessary to build a system that mimics the biological environment - a
membrane - in order to couple the protein to the electrode without loosing its
functionality.

The scope of this work is the construction of a biomimetic membrane architecture that
allows for the implementation into a biosensor.
Therefore the following items have to be addressed:
•

high mechanical stability of the membrane to allow the use in portable sensors

•

long-term stability of the membrane for continuous monitoring

•

electrochemical properties comparable to natural membranes to present an
environment that can host membrane proteins and at the same time allows for
measurements with a high signal to noise ratio due to a high background resistance
of the membrane

•

incorporation of different membrane proteins; investigate their behaviour in the
synthetic membrane; probe their functionality and selectivity (start withwellcharacterised model systems, then to more complex oligomeric channel proteins)

•

design of the membrane architecture towards an optimised performance of the
protein; variation o f the membrane density and space between the support and the
membrane
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downsizing of the membrane area from macroscopic electrodes to microelectrodes
to test the feasibility of the array-concept

current flow

£

analyte bound

i_ n _ n n

tl

no analyte bound

tim e

Figure 1-10. Schem atic draw ing o f a stochastic sensing array.
An ion channel with a binding site for a specific analyte is incorporated into a tBLM . Thus the
current through the channel can be m easured. This current flow is modulated upon binding o f the
analyte. The concentration o f the analyte can be detected by the frequency o f binding. The
modulated single channel current upon binding o f an analyte is depicted in the bottom part o f the
figure.
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2

Theory

2.1
2.1.1

Electrochemical Impedance Spectroscopy
Theory

Electrochemical impedance spectroscopy (EIS) is a well established technique for the
investigation and characterisation of electrical properties of materials and their
interfaces exposed to electrically conducting electrodes. EIS can be used to study the
dynamics of bound and mobile charges in the bulk or in interfacial regions of ionic,
semiconducting, mixed electronic-ionic, and dielectric materials [153].
In recent years, EIS gained growing importance in the fields of biophysics and
biosensor technologies. In order to explore the potential application of EIS as a
transducer principle in biosensing devices, efforts were undertaken to develop
appropriate systems. Most of these systems are composed of functional proteins (e. g.
ion channels) as actual sensing element in a lipid bilayer, that is supported by an
electrode [39,106,154, 155] or a field-effect transistor [156].

A typical EIS experiment can be described as follows: The measurement is
accompanied by theoretical considerations on an appropriate physical model of the
studied system. An equivalent circuit (mostly consisting of capacitors and resistors) is
derived from the model and is fitted to the measured spectra. This results in values for
the resistors and capacitors in the circuit that describe the studied system in terms of the
applied physical model.

The response o f electrical circuits to an alternating current can be described in terms of
the impedance (Z) defined as
z (/)= 4 £ r
id)

(2.i)

The quantity Z(f) can be given either in its complex form by the sum of the real part and
the imaginary part or in polar coordinates where |Z|(co) is the absolute value of the
impedance and 0(co) is the phase (co is the radial frequency = 27if, j = - V l )

Z{co) = Re[Z(<y)] + j •hn [Z(<d)\ = |Z| {(d) •eMm)
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(2.2)

The transformation between the coordinate systems can be calculated according to

|Z| = V(Re[Z(©)])2 + (Im[Z(©)]):
6{co) - arctan

Re[Z(©)]

(2.3)
(2.4)

Measurements are performed using an oscillating sinusoidal potential E(t)

£ (') = £„ sin(®()

(2.5)

£ (0 = £

where Em is the maximum amplitude and to is the applied frequency. The shape o f the
applied voltage is shown in Figure 2-1.

Figure 2-1. Sine wave of the applied
potential used in EIS.
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This potential causes a current response of

i(t) = im•sin{cot + 0)
=i

ej{<at+9) = im-ejm 'eje

(2 .6)

where im is the maximum current amplitude and 0 represents the phase difference
between the applied potential and detected current. The amplitude of the applied voltage
is chosen to be small, in general of the order of thermodynamic fluctuations (10-25 mV)
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in order to maintain a linear response o f the system [153]. The polar coordinates of the
impedance at a particular frequency co are therefore

(2.7)

The impedance spectra are obtained by sequential measurements of i(co).
If the system shows a linear response to the applied voltage, the output will also be a
sine wave, although the amplitude and phase may be shifted relative to the incident
wave. In the case of a capacitor, Z provides a measure of how the passage of ions is
impeded by the circuit. For a single resistance, there is no phase difference, whereas for
an ideal capacitor the phase difference between current and voltage is

ti/2 ,

as shown in

Figure 2-2.

Figure 2-2. Current response to a
sine wave with a phase shift of

E,m

ti / 2 .

Im and Em are the maximum
am plitudes o f the current and
potential, respectively.

tim e

p h a s e sh ift 0

In simple terms, this difference arises since charges can flow directly through a resistor,
and the resulting current response to a modulated voltage is given by Ohms law.

For a resistor, the impedance Z of the system thus equals the resistance R and is
independent of the frequency.
For a capacitor, the conduction is indirect and results from the attractive or repulsive
forces o f electrons from the two sides of the capacitor plates as their potential changes.
The impedance can be calculated as follows

i(t) = C ^ - = j c o C - E y “
at

c

E

EneJM

/

j a C - E meJW

1
jcoC

(2.10)

(2.11)

The response of the capacitor is frequency dependent and 90° out of phase with the
response o f the resistor. The total impedance of any system is a combination of the
impedances o f the individual components. That means, in any real complex circuit
consisting of resistances and capacitances the phase shift can take on values between 0
and iz/2 and will change with frequency.

Measurements can be time consuming, since the number of frequencies contained in the
spectra and the number o f cycles measured per frequency determines the time resolution
between two measured spectra. Between the measured frequencies, a time delay of two
seconds is employed to allow for equilibration after a frequency change. In the
experiments presented here, the time resolution ranges between 20 and 60 minutes.
Faster scans can be done only at the cost of accuracy.

2.1.2 The setup
In Figure 2-3 a scheme o f the experimental setup with the measurement cell is depicted.
A commercially available Autolab Pgstat 12 impedance spectrometer with FRA module
from Metrohm (Filderstadt, Germany) was employed to apply the sine wave voltage
signal, to measure the current response and directly calculate the impedance in polar
coordinates. The analyser is connected to the sample in a Faraday cage and controlled
by a PC (Pentium III, Windows XP). Impedance spectra are recorded with a sine wave
voltage amplitude of 10 mV in a frequency range from 100 kHz to 2 mHz.

f Faraday Cage
-j-Counter electrode

PC

Reference electrode

Teflon cell

Working electrode

ooooo

gold slide

Potentiostat

Figure 2-3. Schem atic view o f the EIS setup and cell for 3-electrode measurements.
(For details see text).

The measuring cell for impedance spectroscopy was composed of a top and bottom
plate between which the substrate was fixed. A lid, carrying the reference and counter
electrode closed the cell containing 1 ml of solution. An O-ring sealed the chamber
between substrate and top-part, and a slight pressure was applied by adjusting the
screws, ensuring that no leakage could occur. An in- and outlet allowed for easy rinsing
without movement or disturbance of the cell by means of a syringe directly connected to
the tubing of the cell. The counter electrode was made of a coiled platinum wire (0.8
mm diameter, 99.9% purity; Mateck, Jtilich, Germany), whereas Dri Ref 2 reference
electrodes (World Precision Instruments, Berlin, Germany) were employed as reference.
The electroactive area on the substrate was 0.28 cm2, but all values given are normalised
to the electrode surface area of 1 cm2. The system was operated via the supplied
software FRA (Frequency Response Analysis, Version 4.9) and data was analysed with
the ZView software package (Version 2.9, Scribner Associates, NC, USA)

2.1.3

Representation and models for EIS

The representation of impedance data differs throughout literature. The experimental
focus and the system under investigation determine the most instructive representation.
The advantages and disadvantages of a variety o f representations will be given here in a
brief summary, in order to visualise the different characteristics. The aim of graphical
data representation is firstly, to illustrate distinct features of the system under study and
secondly, to visualise changes in these features. The most important variables to
consider are the impedance Z(co) or the admittance Y(co) defined as
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(2.12)

Y(<u) = - ^ ~
Z(co)

Both can be given in the complex or polar form as defined by equation (2.2). Other
electric quantities, such as the complex dielectric constant e(co) or the electric modulus
function M(co) can be derived from Z(co) and Y(oo) [153], but are not utilised within this
work.

Different plots of the three datasets in Figure 2-5f are shown in Figure 2-5a-e. They are
calculated according to an equivalent circuit shown in Figure 2-4 A. The circuit is
composed of a resistance for the electrolyte (Rd.) in series with a RC element
representing the resistive and capacitive effects of the mono- or bilayer under study (R
and C in parallel) and a space charge capacitance (Csc) for the electrochemical effects
close to the gold electrode. In some cases, when the values of RC mono/bi are rather
poor, a space charge resistance in parallel to the space charge capacitance can be
measured and the spectra are fitted with the circuit shown in Figure 2-4 B.

RC mono/bilayer
Rel.

- d

H

—1 1—1Cs
41
—11—

pace charge

D f
^^m ono/bilayer

Rel.

Dp
‘^ s p a c e charge

r H _ Hi rH.....1—I

H=H
_______

N

_______

_______

N

Figure 2-4.
Equivalent circuits
used
through-out
this work.
A: Standard circuit
used
for
the
simulation of the
datasets below.
B:
Alternative
circuit
used
for
mono- or bilayers
with
lower
resistances
that
show a space charge
resistance.

_______

In the first row in Figure 2-5 (a+b) the absolute value of the impedance |Z| and the phase
0 are plotted logarithmically versus the frequency. In the polar representation this is
called Bode plot. In the second row (c+d) the imaginary parts of the impedance and
admittance are plotted linearly versus the complementary real parts (Nyquist
representation). The last row (e) gives the imaginary part of the admittance divided by
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the frequency against the corresponding real part. This plot gives a frequency-reduced
capacitance plot that will be called admittance plot in the following.
Some of the differences in the plots are discussed in the following. The values used for
the simulated data are given in Figure 2-5f and represent typical values for a membrane
system in its initial state (a monolayer) measured in two different electrolyte solutions
and for a bilayer as the final membrane. For better comparison and since the curves
shown in the experimental section were measured on electrode areas smaller than 1 cm ,
the values shown here are calculated according to an area of 0.2 cm". For the first
monolayer a resistance o f 1 MQcm with a capacity of 1 pFcm' is assumed. The space
•
•
9 ..
charge capacitance remains constant throughout the simulations (10 pFcm' ). The
electrolyte resistance is the sole value changed in the second dataset. This simulates the
effect of an altered electrolyte resistance. The bilayer in the third dataset is assumed to
have a one order of magnitude higher resistance (10 MQcm ) than the monolayer with a
capacity decrease of 50 % with respect to the monolayer.
The impedance spectra are dominated in different frequency regimes by the different
circuit elements Rei., Rmono/bi and Cm0no/bi but not Csc, as this remains ideally constant.
The variation of Rei. (red) is evident in the upper frequency range but different in each
graph. In the Bode plots (Figure 2-5a+b) and the Nyquist impedance plot (Figure 2-5c)
the red curve overlays the black curve, excluding the high frequency range, whereas in
the Nyquist admittance plot (Figure 2-5d) the red curve is separated from the others.
The variation of Rmono/bi is observable in a lower frequency range. Here, the phase
(Figure 2-5b) and the impedance (Figure 2-5a) are altered at all frequencies below
10 Hz. The Nyquist plots of the impedance and admittance (Figure 2-5c+d) exhibit the
most obvious difference concerning the weighing of the various contributions to the
impedance spectra in the graphical representation. Since the axes are linearly scaled,
these graphs emphasise the contributions at high impedances and admittances,
respectively. Therefore, the change in Rei is not represented in the Nyquist plot of the
impedance (Figure 2-5c) whereas the change in Rmono/bi is represented prominently.

33
i

10'

10°

-6 0 -

0O)
g
S
03i

-C

10*

10°

10’

10 ’

10 *

10’

( a ) |Z| vs. frequency

10’

10 °

frequency [Hzj

10 *

10s

frequency [Hz]

Bode plot (im pedance)

( b ) 0 vs. frequency

Bode plot (phase)

-8,0x107 -i
5,0x103 -

-6,0x107 -

3 ,0 x 1 0 °Kl -4,0x107 -

-2,0x107-

0 ,0 -

0,0

0

1x107

2x107

3x107

4x107

5x107

0,0

6x107

2,0x10'°

4,0x10°

( c ) Im |Z] vs. Re |Z |

6,0x10°

8,0x10°

1,0x10°

r

Z’

( d ) lm |Y | vs. Re |Y]

Nyquist im pedance plot

Nyquist adm ittance plot

0,0-1

Rei.

Rmono/bi

Cmono/bi

C sc

100

5e6

2e’7

2e'6

200

5e6

2e'7

2e*6

100

5e7

le '7

2e'6

5,0x107-

—

■

—

1,0x10 ° -

1,5x10°---------------------------

2,0x10° -

0,0

2,0x107

4,0x107

6,0x10 7

8,0x107

resistances in Qcm
capacitances in Fern'2

Y7<»

( e ) Im[Y/o)J vs, Re |Y/co|

A dm ittance plot

( f ) Values used for the shown spectra

Figure 2-5. Different EIS data representations.
The graphs are calculated from the listed values, Squares in black represent the first m onolayer,
the red curve shows the sam e m onolayer with a different electrolyte solution corresponding to a
higher electrolyte resistance, the blue dashed curv< ' sim ulates a change in m em brane resistance and
capacitance due to the growth o f a bilayer starting from the first m onolayer.
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The opposite effect can be seen in the Nyquist admittance plot (Figure 2-5d). One major
drawback o f the Nyquist plot is, that the high and low frequency data is compressed.
The admittance plot (Figure 2-5e) shows more pronounced the differences between the
capacitances used in the model circuit and therefore shows no distinction between
curves with an altered Rei..

As a consequence of the different possibilities, the representation of impedance data
throughout this work depends on the focus of the particular experiment. In general, the
polar representation in the Bode plot (in its overlaid form) is preferred, though
sometimes it may be important to take a closer look on the contributions of different
capacitances, which is best reflected in the admittance plot.

For better understanding of the mathematical fitting of the curves, a brief introduction is
given in the following, on how to extract preliminary values from the Bode and
Admittance plot.
In Figure 2-6 the first dataset of Figure 2-5f is re-plotted, but this time the phase and the
impedance are overlaid to allow easier interpretation and distinction of the dominating
effects in the Bode plot. The impedance shows two regions with a -1 slope, the first in a
frequency range from 5x10 to 1 Hz, the second in the low frequency range below
10" Hz. These regions are accompanied by a phase shift of -90°, which shows that the
impedance in these frequency ranges is purely capacitive. From the position in the graph
it is furthermore possible to tell that the low frequency capacitance C2 has a higher
value than Ci showing up in the higher frequency domain. Additionally, the impedance
shows two flat areas with low phase angle, one in the high frequency domain, one
around 10"1 Hz. In these regions, the current is dominated by resistive effects, and by
extrapolating through the flat region, a preliminary value for the impedance can be
obtained. For resistors, the impedance is equal to the resistance, so this value directly
gives an approximation of the resistances of the system under study. The high frequency
resistance Ri is the electrolyte resistance Rei. and has a value of 100 O. At 10"1 Hz a
value of 5 MQ for the resistance of the monolayer can be obtained from the graph.
So the Bode representation gives a direct measure of the resistors under study, but no
direct value for the capacitors can be inferred.
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Figure 2-6. How to interpret a Bode plot?
(See text for a detailed explanation.)

Therefore, the Admittance plot (Figure 2-7) is introduced to give information about the
number and value of the capacitors in the system. This plot is not frequency dependent,
as the real and imaginary parts of the admittance are frequency normalised before
plotting. Two spectra are drawn, corresponding to the first (monolayer) and last
(bilayer) dataset in Figure 2-5f, each showing two semi-circles. The monolayer shows
two semi-circles, each representing a capacitor. The first one is intersecting the y-axis at
2x1 O'7, the second at 2x1 O'6. Thus, a value o f 0.2 pF for the first capacitance and 2 pF
for the second capacitance can be derived from the representation. For the bilayer, the
second semi-circle is not completed, but an extrapolation towards the y-axis shows that
this capacitance remains the same as for the monolayer, as it intersects at the same
value. The first capacitor is altered by a factor of 0.5 giving a capacitance of 0.1 pF for
the bilayer.
In this case, the values obtained from the plots are exactly the values used for the
simulation. In reality, this procedure gives a first approximation of the values before the
fit and the preliminary values are used as starting parameters for the fit.
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Figure 2-7. How to get values for capacitances from an adm ittance plot?

The total impedance from the circuit introduced in Figure 2-4 A can be calculated by
using equations (2.9) and (2.11). For elements in series the total impedance of an
equivalent circuit Z ec is the sum of the individual impedances,

(2.13)

ZEC(co) = ^ Z ,(c o )

For elements in parallel the inverse of the total impedances equals the sum of the
reciprocals of the individual impedances. In series, the smallest capacitor dominates the
sum of the capacitances.

-i
Z EC(a>) = I —
r z,(c o )

(2.14)

The impedance can thus be calculated as follows:

^ ec
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(2.15)

The elements for equivalent circuits have to be selected by considering the structure and
the dominating electrical effects of the system. As there are many possibilities of
assembling model circuits and many more elements than simple resistors and capacitors
that can mimic effects o f natural non-ideal systems, the variety of interpretation of the
EIS data is huge. However, the careless assembly of equivalent circuits with many
elements often results in misinterpretation.
As many minor processes contribute to the systems response that can not be
discriminated by the analysis, the model might not perfectly fit the spectra in all points.
On the other hand, the characteristics of a more complex model, especially when
composed from a large number of elements, are rarely unique.
Consequently, a simple model should be preferred over a too complicated one, to get
reproducible effects and more reliable results. Only the simplest circuit can be said to be
unambiguous in its description of the experimental data [153].
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2.2
2.2.1

Surface Plasmon Resonance Spectroscopy
Theory

Surface plasmon resonance (SPR) spectroscopy has been widely used as a detection
technique in biosensor applications as well as for characterising molecular interactions
at the interface between analytes and a sensor surface. It has been shown to be an
effective optical tool for the characterisation of thin films, as well as for the sensitive
detection of kinetic processes, e.g. for monitoring interfacial binding reactions or the
swelling and shrinking processes of conducting polymers [157, 158]. The main
advantage compared to other methods is the non-destructive real-time analysis of
binding events without labelling requirement.

SPR is a quantum optical-electrical phenomenon arising from the interaction of light
with a metal surface. Under certain conditions, the energy carried by photons is
transferred to packets of electrons, called plasmons, on a metal surface. This energy
transfer occurs only at a specific resonance wavelength, namely at the wavelength
where the quantum energy carried by the photons exactly equals the quantum energy
level o f the plasmon.

Dispersion relation
In order to understand the excitation of surface plasmons (SPs) by light, the dispersion
relation of surface plasmons and free photons has to be considered, as shown in Figure
2-8, where the wavevector k is plotted as a function of the photon frequency cd.

For the excitation of surface plasmons, only the photon wave vector in x-direction ( k pxh)
is relevant. For a simple reflection of photons at a planar dielectric/metal interface, kxph
can be varied on the light line col from zero (point 0 in Figure 2-8) to the full wave
vector (point A in Figure 2-8) by changing the angle of incidence 0 (kph = kph sin#). kph
vanishes for perpendicular angles, while it is maximised for large angles of incidence.
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However this is not sufficient to match the momentum of surface plasmons, as for low
energies the curve of SPs (dotted line in Figure 2-8) approaches asymptotically the light
line, whereas for higher energies it approaches the cut-off angular frequency comax
(determined by the plasma frequency o f the employed metal) and there is no
intersection between the two wavevectors ksp and kPh.
Consequently, the p-polarised light (s-polarised light has no x-component) cannot be
used directly to excite SPs, due to its insufficient kPh. There are two coupling techniques
to overcome this problem and enhance kPh to match the optical momentum at the
interface, namely prism coupling and grating coupling [157, 159].
In prism coupling the photons are not coupled directly to the metal/dielectric interface,
but via the evanescent tail of light totally internally reflected at the base of a high-index
prism (TIR will be discussed in the next section). This light then has a larger
momentum (dash-dotted line in Figure 2-8 with the intersection point C), that can
exceed the momentum of the surface plasmons [160]. By choosing the appropriate angle
(point B in Figure 2-8) resonant coupling between evanescent photons and surface
plasmons can be obtained when k pxh = ksp.
Experimentally this resonant coupling is observed by monitoring the intensity o f the
reflected laser light as a function of the incident angle. As first described in 1958, the
excitation of SPs can be seen as a sharp minimum in the reflected intensity [161, 162].
Adsorption of an additional layer at the interface leads to an increase in the momentum
of the SPs and a shift of the dispersion curve as shown in Figure 2-8. This can be
detected as an angular shift in the reflectivity minimum from 0i to
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02 .

Total internal reflection
Figure 2-9 shows a typical evanescent excitation with total internal reflection (TIR) of a
plane wave at a glass prism with the dielectric constant ep in contact with a dielectric
medium o f 8d < sp. In TIR, where all the incoming light is reflected within the prism, the
reflected photons create an electric field on the opposite site of the interface [163]. A
plane wave from a laser light source impinging upon the interface from the glass side
(the material with the higher refractive index) will be totally (internally) reflected if the
angle o f incidence exceeds a critical angle 0C. At incident angles smaller than 0C, most of
the incoming light is transmitted and hence the reflected intensity is low. As one
approaches 0C, the reflectivity R reaches unity. 0Cis given by Snell’s law

sin 0X- n2 sin 02

^ \ 6)

and depends on the refractive indices o f the two media. In the case of a glass/water
interface, one obtains
(2.17)

sin0c = —
"i

with ni being the refractive index of glass and 112 being the refractive index of water. For
incident angles 0 >0Cthe evanescent field at the interface does not fallabruptly to zero
but decaysexponentially

witha decay length 1 given

byequation

(2.18)into the

dielectric.
-

=
/ =—1
2ftyJ(n'Sm0) -1

(2.18)

This propagating electromagnetic field distribution is called an evanescent wave with a
decay length in the order of the wavelength o f the incoming light.
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Figure 2-9. Total internal reflection at a glass
prism in contact with a dielectric.
The reflected light is m onitored with a detector.
For incident angles 6 > 0 c (the critical angle for
TIR) the evanescent field decays exponentially
into the dielectric.

Figure 2-10. Attenuated total internal reflection
at a metal fllm.
The metal is evaporated onto the base o f a
prism and acts as a resonator. At angles larger
than 0c the reflectivity decreases until
maximum coupling o f surface plasm ons is
achieved at 0 m.

In Figure 2-10 a thin metal film has been evaporated onto the prism. The evanescent
field resulting from TIR overlaps with the surface plasmon mode and resonance is
achieved by tuning the angle of incidence. If the reflected light is monitored as a
function of the angle, a decrease in reflectivity until an angle 0m can be monitored,
where a minimum in the reflected intensity is reached, due to coupling of the SPs. The
electric field within the light causes oscillation of the electrons in the dielectric material.
This causes a collective movement of the free delocalised electrons in the metal [164].
The metal acts as an oscillator, leading to resonant excitation by coupling between the
free electron oscillation and the incident light. These collective excitation states of the
quasi-free electron gas are called plasmon surface polaritons. Due to the resonance
coupling, the electric field at the interface is enhanced by about 15-20 times in case of
gold and about 80 times in the case of a silver film [165].
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2.2.2

The setup

The lab-built SPR setup used throughout this work is based on the Kretschmann
geometry and is schematically shown in the in Figure 2-11 [166, 167].

photodiode f l y

20 M r
HeNe iaser (632 nm)

prism

II

T7

— goniometer

chopper polarisers

flow cell

PC

y
omotor steering

V
5 O
=o

lock-in amplifier

Figure 2-11. Schem atic view o f the em ployed SPR setup.
(See text for details.)

The p-polarised laser beam (He/Ne laser with wavelength 632.8 nm) first passes a
chopper (for lock-in detection) and two polarisers (for attenuation and polarisation,
respectively), and is then reflected at the base o f the coupling prism. Coupled to the
prism is a gold substrate (see chapter 3.2) index-matched by an immersion oil (n=1.7)
with the prism. The reflected light is focused by a lens onto a photodiode which is
connected to the lock-in amplifier. The intensity of the reflected light is monitored as a
function of the incident angle 0. Both the prism/sample and the photodiode are mounted
on co-axial goniometers, allowing different operation modes such as an angular scan in
a 0-20 reflection geometry or a kinetic mode at a fixed angle of incidence as a function
of time.

2.2.3

Scan mode and kinetic mode

In the scan mode, reflectivity changes are measured as a function of the incident angle.
The sensor surface (the gold film) is facing a flow cell as shown in Figure 2-12.
Changes in the refractive index occurring at the metal film due to adsorption or binding
on this film are detected as a shift in the minimum angle 0m. A typical reflectivity scan43

curve is given in Figure 2-10. For 0 < 0Cthe reflectivity is rather high compared to the
total internal reflection because the evaporated metal layer acts as a mirror with little
transmission. The deposition of an ultrathin layer of a material with a higher refractive
index than the ambient dielectric (e.g. air n= l, buffer=1.33), is equivalent to an increase
of the overall refractive index integrated over the evanescent field. The net effect is a
slight shift of the resonance angle in order to again couple resonantly to SP modes
[158].

Figure 2-12. Schem atic o f the flow cell
assembly.
A nalytes are detected upon binding to
receptors on the sensor surface.

Flow sy s te m

fs u rffa c e Y Y
Prism

This angle shift from 0i to 02 is shown in Figure 2-13. The angular dependence of the
overall reflectivity can be computed and compared with the measured curves. If the
refractive index (n) of the material is known, the geometrical thickness (d) can be
determined by the resonance angle shift

A0oc n d

(2.19)

This relation gives the fundamental of SPR, but also shows its limits, as either thickness
or refractive index have to be determined by another method, to obtain reliable results.
However for biomolecules the refractive index is difficult to obtain, as they do not form
a closed layer on the surface. Therefore a refractive index of 1.41 is assumed and the
focus is laid on the differences between measurements, not on the absolute thickness
values obtained by modelling the data.
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Figure 2-13. A ngular SPR scans.
Reflectivity curves before (1) and after (2)
adsorption o f an additional layer to the surface
show a change in the minimum reflectivity. At
the angle 6 k the kinetic m easurem ent is
performed.

Figure 2-14. Kinetic SPR mode.
The reflected intensity is recorded at a fixed
ang ,e ° f incidence (0k in Figure 2-13) as a
function o f time,

The values used for fittings are summarised in Table 2-1. All fits were computed with
the software Winspall (developed in the MPIP Mainz by Jurgen Worm, Version 3.0,
2005). As a reference the values for the gold film are determined each time on a blank
substrate from the same batch o f TSG. The program calculates the Fresnel coefficients
of the layer system with a recursion formalism [164].

Table 2-1. Param eters used for SPR fits.

thickness

refractive index

adsorption coefficient

Prism (LASFN9)

oo

1.845

-

Gold layer

48 nm

0.18

3.45

Monolayer

4

1.5

-

Bilayer (Lipids)

3

1.45

-

Buffer solution

oo

1.33

-

During the interaction between the surface and the analyte, the binding kinetics can be
measured as changes of reflectivity at a fixed angle Or as a function o f time (Figure
2-14). The angle is chosen to have about 20-25% reflectivity, as at this point the change
in reflectivity is nearly linear. Thus the change in reflectivity is very high and the
measurement very sensitive to small modifications in the refractive index. The change is
measured continuously to form a sensorgram, which provides a complete record of the
process of association or dissociation of the interactants.
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In this study, SPR was used to measure first the thickness of the monolayers, then to
monitor the kinetics of the bilayer growth in real-time and to examine the resulting
thickness o f the bilayers, finally the adsorption kinetics of membrane proteins were
monitored.
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2.3
2.3.1

Surface Plasmon Enhanced Fluorescence Spectroscopy
Theory

Sensitivity and limit o f detection problems occur with SPR, when an analyte does not
form a closed layer or a layer thick enough to be monitored as a change in the
reflectivity minimum [168]. Analytical methods employing a labelling technique are
less dependent on the weight and film thickness of the analyte and can therefore provide
a higher sensitivity. Recently, surface plasmon enhanced fluorescence spectroscopy
(SPFS) was introduced, which overcomes this sensitivity limitation of SPR by
combining it with the indirect detection methods of fluorescence [169]. SPFS uses the
enhanced electromagnetic field obtained by SPR to excite fluorescent dyes in close
proximity to the metal/dielectric interface.
Analytical methods based on fluorescence detection are widely used in biochemical
research, due to the signal amplification and the short time scale on which fluorescence
occurs [170]. Coupling of SPR with fluorescence was first reported in 1991, when
Attridge et al. increased the sensitivity of an optical immunosensor for human
Chorionic Gonadotropin (hCG) by SPFS over the conventional total internal reflection
fluorescence technique [171]. A detection limit of 240 pm hCG could be achieved, that
was pushed in the last years to the attomolar limit for antibody detection [172]. Still
only a few studies report the use of the excitation of fluorophores via surface plasmons
for sensing purposes [171, 173-175].

The principle of fluorescence
Fluorescence is the emission of photons from molecules. It is a well-characterised
phenomenon that occurs in fluorophores or fluorescent dyes (generally polyaromatic
hydrocarbons or heterocyclic molecules) [176]. The first fluorophore (quinine) was
described by Herschel in 1845 and was responsible for the development of the first
spectrofluorometers about 100 years later. Many other fluorophores are found in daily
life, such as fluorescein and rhodamine which can be found in antifreeze, or anthracene
and perylene which are used for environmental monitoring. Highly fluorescent
coumarins are often used as fluorogenic probes in enzyme assays, such as ELISA [176].

The three-step process responsible for fluorescence is illustrated in the modified
Jablonski diagram in Figure 2-15.
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Figure 2-15. Jablonski
energy level diagram.
The different steps leading
to fluorescence are shown.
Absorption o f hvex results
in the excitation from the
S0 level to the excited state
Si, followed by return to
the ground state through
different
possible
processes, o f which one is
the emission o f photons
with the energy hvem.

0—

Upon absorption of a photon o f energy hvex, the fluorophore is excited from the ground
state (So) to one of the vibrational levels o f a higher state (S i) (step © in Figure 2-15).
Through a fast internal conversion process, the fluorophore relaxes rapidly towards the
•

*

•

1

2

lowest vibrational level o f Si (step (D). This process is typically in the range o f 10'

s or

less and is therefore completed, before emission occurs, as fluorescence lifetimes are
n

typically 10' s. Emission results from the lowest vibrational state of Si. From there the
molecule can decay to different vibrational levels of So, by emitting light of energy hvem
(step (D). This leads to the fine structure of the emission spectrum by which information
about the electronic ground state can be obtained. Examination of the Jablonski diagram
reveals that the energy of the emission is typically less than that of the adsorption.
Hence, fluorescence typically occurs at lower energies or longer wavelength. By
comparing adsorption and emission spectra, this red shift (to lower wavelength) of the
fluorescence emission can be observed. This so-called Stokes’ shift can be explained by
an energy loss between the two processes, due to the rapid internal conversion in the
excited state and the subsequent decay of the fluorophore to higher vibrational levels of
So. This shift is a prerequisite for the sensitivity of fluorescence techniques, as it allows

distinguishing the emitted photons from the excitation photons against a low
background [176].

It is important to note that the fluorophore cannot only dissipate its energy by
fluorescence emission but also via radiationless decay channels such as collisional
quenching (CQ), inter system crossing (ISC) (transition to triplet states), internal
conversion (IC) or resonant energy transfer (ET). These processes result in a decrease of
the quantum yield O, which is defined as the ratio of the number o f emitted photons to
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the number of absorbed photons. This can be defined by the ratio of the rate constant of
the fluorescence process (kp) and the rate of non-radiative decay to So (ko):

k
O = — — with kD = kCQ + kJSC+ kIC + kET
Kp + KD

(2.20)

Fluorescence quenching
The intensity of fluorescence can be decreased by a variety of processes that reduce the
quantum yield of a fluorescence process. There are two important types o f quenching:
static and collisional quenching. Collisional quenching describes a process, in which a
molecule (the quencher) comes into contact with the excited fluorophore and causes the
fluorophore to return to the ground state without emitting a photon. Static quenching is
due to the formation o f a nonfluorescent ground state complex between the quencher
and the fluorophore [176].
A further process that needs to be considered is the so-called self-quenching. Multiple
labelling o f a molecule with fluorophores does not always lead to an increase in
fluorescence yield. In many cases, when the number of fluorophores attached to a
molecule increases, the fluorescence intensity does not increase linearly and sometimes
even decreases [177]. This phenomenon of the conjugated fluorophores can be
subdivided into inter-conjugate self-quenching of fluorophores on one molecule and
intra-conjugate self-quenching between densely packed fluorophores. In general, selfquenching can be explained by collisional or static quenching between the fluorophores
[178].

Photobleaching
A typical fluorophore can undergo a finite number of excitation-relaxation cycles prior
to photochemical destruction. This process is often referred to as photobleaching,
photofading or photodestruction. For a photostable fluorophore, photobleaching occurs
after about 105 cycles, whereas other fluorophores photobleach very easily.
Photobleaching often involves the generation of reactive oxygen molecules, thus it is
sometimes useful to introduce antioxidants or to use anoxic conditions. In some cases,
quenching is mistaken for photobleaching, when molecules in the solution quench the
fluorophores and thus diminish the amount of fluorescence counts.
In the case o f oxygen bleaching, the rate o f the photobleaching is often proportional to
the intensity o f illumination. A simple way to overcome this is to reduce the time or the
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intensity of the excitation radiation. Practically this can be done by a shutter, as
described in the next chapter.

Fluorescence enhancement at the metal/dielectric interface
The evanescent surface plasmon field can be used to excite fluorophores within the
vicinity o f this field. The optical excitation follows the strength of the evanescent field
and reaches its maximum near the maximum resonance angle of SPs. The peak
fluorescence intensities are observed at a slightly lower angle than the actual resonance
angle, as the maximum field intensity is also highest at this angle and the reflectivity
minimum is only shifted due to an absorptive loss (damping) in the metal film.
As discussed in chapter 2.2, the evanescent field decays exponentially into the dielectric
layer adjacent to the metal film. Due to the small penetration depth in the order of a few
hundred nanometres, highly surface sensitive fluorescence measurements are possible.
Fluorophores that are farther away from the interface cannot be excited due to the
negligible evanescent field. Furthermore the distance between the dye and the surface
determines the fluorescence emitted by the fluorophores, since the metal surface is an
extremely good quencher and additional other decay channels are possible.

Dissipation

Surface Plasmon
back-coupling

D. .
Photon emissions

prism
metai

/\A A A / v

/ |\

dielectric

Figure 2-16. M ajor decay channels for fluorophores in close proxim ity to a metal film.
Adapted after f 169].

In Figure 2-16 some of the distance dependent energy transfer mechanisms are
summarised. For very short separation distances (smaller than 30 nm [179]) between the
fluorophore dipoles and the metal surface the fluorescence is quenched by the metal
film and the excitation energy is dissipated as heat [180]. For separation distances of
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about 20 nm, the excited fluorophores can couple back to the plasmonic states of the
metal film [181, 182]. The back-coupled surface plasmons show a red-shift (Stokes’
shift), due to some energy being dissipated via fast channels such as vibrational
relaxation. Therefore the SPs re-radiate in a cone form at a slightly smaller angle as
shown in Figure 2-16 [183]. For larger separation distances the fluorescence emission is
no longer modified, except for minor interference effects due to the directly emitted
field and the one reflected from the metal film. If the distance exceeds the decay length
of the exponentially decreasing evanescent field, no fluorescence excitation can be
achieved and no signal is obtained.
This means, that the layer architecture which is used for SPFS needs to be designed and
optimised according to these distance related effects to guarantee binding of the
fluorophores within a distance between 30 and 100 nm from the gold surface, which is
inside the evanescent field but out of the quenching distance [184].

2.3.2 The Setup
The experimental setup, depicted in Figure 2-17, is based on the SPR setup already
described in chapter 2.2.2. It allows for simultaneous recording of reflectivity and
fluorescence data. The fluorescence light emitted at the back-side of the flow cell is
focused to a photo-multiplier after passing an interference filter (A, = 670 nm) that
discriminates between excitation and emission wavelength. A programmable shutter
was employed to prevent photobleaching of the fluorophore (opening time 5 sec,
closing time 30 sec).
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Figure 2-17. SPFS setup for sim ultaneous SPR and fluorescence detection.
(See text for details.)

Similar to SPR, SPFS can be operated in kinetic and angular scan mode. The kinetic
mode gives curves mirrored with respect to SPR curves, as shown in Figure 2-18. The
reflectivity curves show the adsorption of a very thin or very dilute surface layer, for
which it is nearly impossible to analyse the thickness. The fluorescence signal gives a
16-fold enhancement of the sensitivity in the case of a gold layer [169]. A kinetic scan
of reflectivity and fluorescence changes at a fixed angle (0k in Figure 2-18)
demonstrates this enhancement, as shown in Figure 2-19.

Kinetic exp at 0>

reflectivity 1
reflectivity 2
— background 1
fluorescence 2
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!

addition of
fluorophores
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Figure 2-18. A ngular reflectivity and fluores
cence curves in SPFS.
Reflectivity and fluorescence before (1) and after
(2) adsorption o f an additional fluorescent layer
are shown. At the angle 0 k the kinetic
m easurem ent is performed.
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Figure 2-19. Kinetic SPFS mode.
The reflected intensity and the fluorescence
increase at a fixed angle o f incidence as a
function o f time are recorded.

2.4
2.4.1

Contact Angle measurements
Theory

The wetting and non-wetting o f surfaces is a sensitive measure for their structure and
quality, as it depends strongly on the chemical composition of the surface. Contact
angle (CA) measurements can quantify the wettability, as these measurements react
sensible on small changes in the surface. The contact angle is a measure for the
energetic interaction between solid and liquid and thus gives information about the
hydrophobicity (high contact angle) and hydrophilicity (low contact angle) of a planar
surface [185].

If a solvent shows complete wetting, this is called spreading and a film is generated. For
incomplete wetting, a droplet is created, whose contact angle can be determined. The
outer form o f the droplet (on a planar surface) results from the minimisation of the free
energy o f the droplet and is determined by the free energy of the surface and the gas
phase. This relation between the free surface energies is described by the Young
equation,
T s v - T sl = r L v - ™ s 0

(2 .2 1 )

where ysv is the solid-vapour interfacial energy, ysL the solid-liquid interfacial energy,
Ylv the liquid-vapour interfacial energy (e. g. the surface tension) and 0 the contact
angle [186]. The angle between the baseline of the drop and the tangent of the drop
boundary, through the three-phase-point, where solid, liquid and gas phase meet, is
measured as shown in Figure 2-20.

Figure 2-20. Schematic drawing
of a droplet on a planar surface.
The tangent starting at the phase
boundaries (three phase point)
gives the angle with the surface,
named contact angle.

three p h ase point

Sl-

The absence o f attractive interactions between liquid and surface leads to a contact
angle approaching 180°, whereas for a maximum of interactions no contact angle can be
measured. CAs below 10° are said to be not reliably measurable any more. Figure 2-21
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shows the situation of high and low contact angles. On extremely hydrophilic surfaces,
a water droplet will spread completely. Hydrophobic surfaces that are incompatible with
water show a contact angle higher than 90°.

hydrophobic-------------------------► hydrophilic

2.4.2

Figure 2-21. Droplet
forms o f high and low
contact angles.
H ydrophobic surfaces
lead to high contact
angles
above
90°,
while
hydrophilic
surfaces lead to a
spreading
of
the
droplet.

The Setup

In the simplest case, CAs are measured with a goniometer-microscope. A water drop is
dispensed on a surface with a syringe and a tangent is drawn through the three-phasepoint, to determine the angle with the surface. The drawback of this method is that the
tangent has to be laid accurately through the phase boundary point, which is not always
clearly visible. More advanced methods use a setup that employs a camera, which takes
a picture of the droplet. This droplet is then fitted with different functions by specialised
software to calculate the CA.
The setup employed throughout this work uses the second method (OCA 15+,
DataPhysics, Filderstadt, Germany). It has a video system with a CCD-camera and an
electronic dosing unit. The size of the used droplets has to be small, to prevent gravity
effects that change the contact angle. On the other hand, it has to be large enough, to
allow for characterisation of the drop before evaporation. Thus a volume of 6 pi was
chosen for the measurements. The sessile drop method was used to measure the static
contact

angles

of

the

prepared

surfaces

against

degassed

MilliQ

water

(R > 18.2 MQcm). The shape of the drop was fitted via the supplied software (SCA 20)
and the CA determined by LaPlace fitting.

The measurement of the static CA helped to investigate and define the hydrophobicity
of the monolayers. In this case, the CA was a measure for the quality of the monolayers,
as “good” monolayers should have high contact angles. Building o f a bilayer via vesicle
fusion was only possible, if the surface was very hydrophobic and had a contact angle
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higher than 90°. A minimum of 6 measurements was used per sample, to obtain a mean
value with standard deviation for the CA.
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3
3.1

From Mono- to Bilayers
Introduction

The first step in the tBLM construction is the formation of a monolayer. It is crucial to
obtain a “good” monolayer on the gold surface. Former studies showed that only a wellordered monolayer provides a useful platform to obtain bilayer properties that allow for
the study o f membrane proteins [139, 187]. Only a dense monolayer forms a surface
that is sufficiently hydrophobic to allow for vesicle fusion, the here employed method to
form the outer leaflet of the bilayer. There are different ways to obtain monolayers, such
as self-assembly [81, 82, 84, 85] and Langmuir-Blodgett film transfer [66]. The ease of
preparation and the low amount of material needed are important reasons for the
popularity o f self-assembled monolayers. Provided that the substrate has been properly
cleaned, it simply has to be dipped into the corresponding solution for a certain period
of time (minutes to days), and the monolayer will assemble [85]. A popular example are
alkanethiols in ethanolic solution with concentrations in the micro molar to milli molar
range [87].

The last step in the assembly o f a tBLM is the fusion of the monolayer with small
unilamellar vesicles [91]. The outer leaflet of the bilayer consists of DPhyPC lipids (see
Figure 3-2e). The vesicle fusion step has two important aspects: the formation of the
outer bilayer leaflet, as well as the filling of defects in the proximal layer, in order to
further improve the sealing properties. The mechanism of vesicle fusion on hydrophobic
surfaces is described in chapter 1.2.2.2 where also a scheme of the proposed fusion
mechanism is given in Figure 1-6.

In this chapter, the assembly of tBLMs on ultraflat gold is investigated. The preparation
of the inner and outer leaflet of the membrane is described, as well as the preparation
procedure of the support. The formation of mono- and bilayers is monitored with
different surface analytical techniques such as CA, EIS and SPR. The differences found
between the used thiolipids are discussed and explained by their distinct structure.
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3.2

Experim ental

3.2.1

Lipids and Thiolipids

The different thiolipids used in this work were synthesised by Petia Atanasova and
Catherine Breffa from the MPIP, Mainz, Germany.
The thiolipids can be subdivided into distinct parts as shown in Figure 3-1: the lipid
headgroups are coupled via a linking unit to the spacer group and the anchoring moiety.

Anchor

Linkage
W W W '
t/VWWV

Lipid tails

|

.

S p acer group

Figure 3-1. The distinct parts o f a thiolipid.

The lipid part consists of two phytanyl chains which are well-known from
extremophiles to form stable and fluid membranes in harsh environments [10]. The
archaea bacteria membranes are in the fluid state at room temperature, due to the methyl
side groups of the isoprenoid chains which hinder crystallisation (cf Figure 1-2 B).
Similar lipid tails were also used by other groups to enhance the stability o f the
thiolipids in different model membrane systems [106, 126].
The hydrocarbon tail of the lipid is coupled to the hydrophilic spacer via ether bonds
that are renowned from archaea lipids to be more stable than the ester linkage of
phospholipids. The spacer unit consists of oligoethylene oxide units and separates the
lipid layer from the solid substrate. It serves as a polymer cushion that compensates for
surface roughness effects, protects embedded biomaterial from touching the surface
(and thus loosing their functionality due to denaturation), and provides an ion reservoir
underneath the membrane. The characteristics of this reservoir have an important effect
on the electrical properties of the tBLM [188]. Finally, surface-immobilisation of the
lipid-spacer-molecule is achieved by an anchor group, which forms by matching
chemistry, a covalent bond with the surface. Several anchor groups have been tested on
gold surfaces, most of them are based on gold-sulphur interactions [105, 106, 187].
Gold substrates are interesting because they can be used as an electrode for electrical
read-outs as well as for many other surface analytical techniques that need a metallic
surface.

57

The diverse characteristics of the thiolipids shown in Figure 3-2 shall be discussed in
the following. Their different structures lead to distinct features in the membrane
architecture. Some of them create monolayers with higher packing density and some
have self-diluting qualities with an enhanced self-healing behaviour.
DPTL was first synthesised by Schiller et a l in 2003 [105]. Following and modifying
his procedure, several other thiolipids have been synthesised. DPHT and DPTT were
synthesised according to a procedure described by Atanasov et al. [132], while DPHDL
is yet unpublished.
The differences between the used thiolipids are the varying spacer length and the anchor
group. DPTL and DPTT have a spacer unit consisting of 4 ethylene oxide moieties,
whereas DPHT and DPHDL have 6 of these units. These structural differences do not
only lead to an increased submembrane reservoir, but also to a different density and
fluidity of the membrane, as longer spacers might form more coiled or randomly
organised structures. The anchorage is achieved via thiols in the case of DPTT and
DPHT whereas DPTL has a lipoic acid moiety that can form two covalent bonds with
the substrate and DPHDL has two lipoic acid groups, thus having 4 possibilities of
anchorage. Because of this bulky anchor group, DPHDL is expected to form less
densely packed monolayers, while the others are supposed to form closely packed
monolayers. These differences in the chemistry of the thiolipids (summarised in Table
3-1) can help to form different membrane architectures with features that can be tuned
on demand of the protein. For example, bigger channel proteins need a more fluid
membrane in which they can easily move by lateral diffusion to form their active
functional form. Smaller proteins without extramembraneous domains can cope with a
higher density o f the membrane and a smaller reservoir. Thus the measurements gain a
higher signal to noise ratio due to the high background resistance of the membrane.

Table 3-1. Differences in the structures of the thiolipids.
Theoretical lengths were determined by the software Chem3D Ultra 6.0 in a stretched
configuration of the molecules.

DPTL

DPTT

DPHT

DPHDL

Anchorage via

lipoic acid

thiol

thiol

di lipoic acid

Spacer part (eo units)

tetra

tetra

hexa

hexa

Theo. length / nm

5.0

4.5

5.2

5.6
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( A ) DPTL

( B ) DPTT

( C ) DPHT

( D ) DPHDL

( E ) DPhyPC

Figure 3-2. Structures o f the used lipids.
(Nam es for the thiolipids are non-IUPAC.)
A: 2,3-di-O -phytanyl-glycerol-l-tetraethylene glycol-D,L-lipoic acid ester lipid DPTL
B: 2,3-di-O -phytanyl-glycerol-l-tetraethylene glycol-3’-m ercaptopropyl ether lipid DPTT
C: 2,3-di-O -phytanyl-glycerol-l-hexaethylene glycol-3’-m ercaptopropyl ether lipid DPHT
D: 2 - ( 2 \3 ’-d i-0-p h ytan yl-glycerol-r-h exaeth ylen e glycol)-glycerol-l,3-d i-0-D ,L -lip oic acid ester
lipid DPHDL
E: l,2-di-0-phytanoyl-s/f-gIycero-3-phosphocholine DPhyPC
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The lipid l,2-Di-0-phytanoyl-s«-glycero-3-phosphocholine (DPhyPC, the structure is
shown in Figure 3-2 E) was purchased from Avanti Polar Lipids because o f its
similarity to the lipid part of the thiolipids. It was used to form the outer leaflet of the
bilayer by fusion of vesicles with the monolayer.

3.2.2

Preparation of template stripped gold

The tethered membranes used in this study have a thickness of about 5-7 nm. They are
extremely thin and therefore, a very smooth substrate was needed. The roughness of
gold directly evaporated onto glass slides does not match this requirements, as it was
reported in a former study to be around 5 nm [187]. To solve this problem, template
stripped gold (TSG) was used. The roughness of this substrate is by one order of
magnitude lower and allows a good self assembly of the monolayer.
TSG was prepared according to a procedure described first by Butt [189] and then
modified for gold surfaces by Naumann [187]. The procedure is depicted in Figure 3-3.

G la ss + EPO 353
1

-■■■

1
tem plate stripped gold

+
Si + Gold

Si W afer

evaporation

gluing and baking

stripping of Si

Figure 3-3. Tem plate Stripped Gold fabrication process.

48 nm of gold were deposited by electrothermal evaporation on a clean silicon wafer
(CrysTec, Berlin, Germany) and glued to a clean BK7 glass slide (Menzel GmbH,
Braunschweig, Germany) using an epoxy glue from EPO-TEK (Epoxy Technology,
USA). After curing for 1 hour at 150 °C and cooling down, the silicon was stripped
away and the clean gold substrate was immersed directly into the self-assembly
solution. If not stripped, the slides could be stored for weeks before use. Stripping from
the glass slide reveals an ultra-flat gold surface, templated by the silicon wafer, with a
roughness of < 0.5 nm as determined by AFM. With this substrate the roughness could
be reduced by one order of magnitude compared to the roughness reported for Au (111).
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Figure 3-4. AFM scan o f TSG.
left: topography, middle: phase, right: am plitude

Figure 3-4 shows the AFM measurement of a TSG slide. The topography o f the surface
is shown in the left panel, the middle panel (phase) shows the viscoelastic properties of
the surface and the right panel shows a modified topography of the surface (the first
derivative of the height). The scan shows continuous smooth areas in all panels and a
roughness of 0.36 nm over an area o f 1 pm2 could be determined. The measuring cells
for EIS and SPR have a surface area of 0.28 cm and 0.78 cm , respectively, therefore
homogeneity in this magnitude is needed. The use of a substrate with a higher
roughness would lead to a monolayer with many defects. This would hinder the vesicle
fusion and therefore the formation of a highly sealing membrane.

3.2.3

Monolayer Formation

Self-assembly was allowed for 24 hours in an ethanolic solution containing 0.2 mg/ml
of the thiolipid. After this time the slide was taken out, rinsed thoroughly with ethanol,
then dried in a nitrogen stream and stored until use. The monolayer slides are stable
over a long period that has not been fully determined, but slides were used up to one
month after monolayer preparation and showed no decreased electrochemical properties
compared to freshly prepared monolayers.

3.2.4

Bilayer Formation

DPhyPC lipids were dissolved in MilliQ water (R> 18.2 MQcm) at a concentration of
2 mg/ml. Heating to 65°C for 1 h and vortexing resulted in a turbid suspension, which
was extruded up to 21 times through a polycarbonate membrane with 50 nm pores to
give a clear solution of vesicles. The vesicle solution was used directly, not exceeding a
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few hours, as the vesicles have a tendency to fuse, aggregate and adsorb on the surfaces
of the surrounding vial. SPR kinetics with older vesicles showed a retarded fusion
process.
25 pi o f the vesicle solution were injected into the measuring cell having a volume of
1 ml, yielding a final lipid concentration of 0.05 mg/ml. Vesicle fusion was left
overnight, though SPR data showed a completing after 2-4 hours. With EIS the
formation o f a bilayer shows up as an increase in resistance, as well as a drop in
capacitance, and took up to 10 hours.

The preparation of proteoliposomes for the fusion of pre-loaded vesicles with the
monolayer is described in chapter 6.2, where it is used for the incorporation of M2
peptides into a tBLM.

3.3

Com parison o f the four thiolipids fo r m em brane assem bly

Contact angles o f the monolayers
The self-assembled monolayers (SAM) o f the four thiolipids differ in their contact
angles, thicknesses and electrochemical parameters.
The results from CA measurements are depicted in Figure 3-5 and show that all
monolayers possess very high contact angles. This is a prerequisite to allow for the
successful fusion of vesicles. DPTT and DPHT have roughly the same hydrophobicity,
while DPTL has the highest CA and DPHDL has the lowest CA in this group.
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Figure
3-5. Contact
angles for m onolayers
made from the different
thiolipids.
(Determ ined from 6 -8
m easurem ents
on
20
independent slides each.)

As shown in chapter 3.2.1, the thiolipids have spacer groups with different length and
differing anchor groups. Hydrophobic interactions between the phytanyl chains allow
stacking of the molecules, giving a high packing density. The more bulky anchor group
of DPHDL hinders close packing o f the thiolipids. The conformation of the spacer unit
is yet unclear, but for the tetraethylene oxide, an a-helical structure is assumed [190].
This spacious conformation leads to a lower possible packing density than for a
stretched molecule. For the hexaethylene oxide moiety, no structure has been proposed,
but it is most probable that the helical motif continues with longer oligomers.
It was not possible to predict, which thiolipids would form the “best” mono- or bilayers.
However it could be anticipated, that the trend shown in the CAs continues throughout
the other measurements and shows that they form slightly different structures on the
surface due to a differing packing density.

Monolayer assembly monitored by impedance spectroscopy
The assembly of a DPTL monolayer was monitored by impedance spectroscopy. As
impedance measurements are not feasible in ethanolic solution due to the absence of
ions, monolayers with varying assembly times were prepared by the following
procedure: TSG slides from the same batch were left in a self-assembly solution for
assembly times from 1 min to 24 hours (see Table 3-2). The same assembly solution
was used for all slides, starting with the shortest time interval. The high resistance of the
last monolayer (24h) proves that the usage of the same solution presents no problem and
solutions can be used for many slides. This seems reasonable as the amount of adsorbed
molecules is very small compared to the used concentration. 5 impedance spectra were
recorded on every slide, the first being a freshly stripped TSG slide. One obtained
spectrum for each assembly time is shown in Figure 3-6. The impedance is shifted with
longer assembly times to higher resistances and lower capacitances. In the inset the
corresponding admittance plot can be seen, showing the decrease of the semi-circle to
smaller capacitances.
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Figure 3-6. Effect o f assem bly time on the im pedance.
TSG slides w ere left for varying assem bly tim es in a DPTL solution and then investigated for their
electrochem ical properties by im pedance spectroscopy. The im pedance scans show the increase in
resistance with longer assem bly times. The inset shows the corresponding adm ittance plot where
the capacitance decrease with longer assembly times can be seen.

Values can be found in Table 3-2. For modelling the data, an R(RC)(RC) circuit was
employed for all but the two last assembly times, for which the standard R(RC)C circuit
was used (see chapter 2.1.3), as the space charge resistance disappears with higher
monolayer resistances.

Table 3-2. Resistance and capacitance values for different assem bly times.
The developm ent o f a highly sealing DPTL m onolayer after 24 h can be seen.

assembly time

R monolayer

C monolayer

blank

7.73 kilcm 2

47.21 nFcm'2

68.26 nFcm'2

0.54 MOcm2

1 min

14.08 k£icm2

18.02 nFcm'2

44.58 (jFcm'2

0.77 MQcm2

10 min

16.32 kOcm2

4.40 nFcm'2

18.91 nFcm'2

0.99 MOcm2

100 min

22.6 kHcm2

2.32 |iFcm‘2

14.25 nFcm'2

2.29 M flcm2

3h

41.6 kOcm2

1.33 |iFcm'2

15.7 |iFcm'2

1.63 M ficm2

6h

624 kCicm2

0.96 nFcm'2

9.66 nFcm'2

24 h

9.4 MOcm2

0.77 nFcm'2

10.77 nFcm'2
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C

space charge

F space charge

The gold slide without any monolayer shows a capacitance of about 47 pFcm ', which is
within the range of the expected value for a pure gold capacitance (10-50 pFcm' ) [191,
192]. The impedance is non-ideal, as it is nearly impossible to measure a perfectly clean
substrate. As soon as the slide is stripped from the silicon template, thiols and other
molecules from the air will adsorb to the surface. The time it takes for the impedance
scan, allows additional adsorption of ions from the electrolyte solution which further
influence the electron flow. This leads to the requirement of two RC elements to model
the spectra obtained and explains the deviation from a pure gold capacitance.
The space charge capacitance Csc decreases with time, as the distance over which this
capacitance is built up (the spacer region) increases with time. An unordered layer after
a short assembly time is expected to be more tilted, thus having a thinner spacer region
with a higher value for Csc- A more dense film on the surface forms a more hydrated,
thicker spacer region thus leading to a decreased Csc- Due to the same effects the space
charge resistance increases until it is too high to be determined in the here measured
frequency regime.
The values in Table 3-2 show that the assembly of the lipids occurs fast in the beginning
and then slows down. This is in accordance with the assumed mechanism of selfassembly that occurs fast towards a high coverage (>90%) and is then impeded with the
filling-up of the non-covered spaces until the final coverage is reached [87]. This last
step is very important for a highly sealing monolayer but takes a long time, as the
attractive forces between surface and thiolipid are hindered by the repulsive forces due
to already attached molecules. SPR studies show a very fast kinetic of the monolayer
formation which reaches the final thickness in one hour. The filling up of holes and
defects cannot be monitored by SPR, as this method is not sensitive enough to measure
these small changes [193].
After 24 h the highest coverage is reached and cannot be improved further by longer
assembly times. Slides that were left in the assembly solution for extended periods of
time (48 h) showed a whitish film on the surface that was visible to the eye and was
probably due to the formation of aggregates or problems with the stability of the surface
in ethanol. This time frame is in agreement with AFM studies that also showed a
completed film deposition after 24 h [193]. Finally 24 h assembly time were used for all
further experiments, as this time period led to a highly sealing monolayer while not
forming undetermined multilayer structures.
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Impedance evaluation o f mono- and bilayer formation
The electrical properties of the mono/bilayers were determined by EIS. The resulting
spectra of all thiolipids are shown as Bode plots in Figure 3-7. Spectra were modelled
by a R(RC)C circuit except the monolayer of DPHDL, which shows an additional space
charge resistance and was therefore modelled with a R(RC)(RC) circuit.
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Figure 3-7. Bode plots o f the mono- and bilayers made from the different thiolipids.
The respective resistance and capacitance values are given in the tables below the plots,
black: m onolayer, red: bilayer (Fits are shown as solid lines.)
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Instead o f giving average resistances or capacitances for the different systems with a
high standard deviation, the ranges in which the electrical parameters of the mono- and
bilayers vary are given in Table 3-3. These values were determined from over 20
measurements for each system. The variation is due to the tedious preparation of the
substrates and the non-controllable self-assembly step. Working with biological systems
or systems that mimic nature implies a factor of uncertainty. It is yet not fully
understood, why not all membranes formed by the same procedure from the same
solution give the same values, but as the membrane architectures are within the nm
range, even smallest impurities or tiny defects in the gold substrates might hinder the
ideal self-assembly process. Unfortunately, the slides cannot be reused to measure the
same electrode area for a second time to determine the reproducibility. Once in buffer
solution, the spacer region is hydrated and undergoes an irreversible structural change.
Even rinsing and drying of the sample did not lead to the same electrochemical
properties as before.

Table 3-3. Ranges in which the electrochemical parameters of the layers vary.

Monolayer

Bilayer

R / MQcm2

C / pFcm'2

R / MQcm2

C / pFcm*2

DPTL

1-10

0.7-1.4

3-55

0.6-1.1

DPTT

0.5-5

0.7-1.2

3-15

0.6-0.85

DPHT

0.6-5

0.7-1.2

2-35

0.6-0.85

DPHDL

0.01-0.3

0.8-4

0.2-6.5

0.65-0.8

Nevertheless, the values in Table 3-3 show some striking deviations between the
different systems. Monolayers built from DPTL give the highest resistances, indicating
that these monolayers are the ones most closely packed and well-ordered. The bilayers
o f DPTL exhibit as well the highest resistances, between 3-55 MQcm . DPHT and
DPTT have similar resistance values for mono- as well as bilayers, which are slightly
lower than for DPTL. It is assumed, that they form monolayers with a less high packing
density, thus lowering the resistance. DPHDL is the most outstanding compound in this
group, as it shows a very low monolayer resistance, implying a much higher number of
defects in the monolayer than for the other thiolipids. This seems reasonable, as
DPHDL has the largest anchor group and was synthesised with the expectance to obtain
a so-called self-diluting lipid with a lower surface coverage due to the bulky anchor
group. With this lipid the assembly of a “self-diluting” monolayer with many defects
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was expected. During fusion lipids from the vesicles can intercalate into the proximal
bilayer leaflet filling up the defects in the monolayer, giving a bilayer nearly as good as
for the other systems. This bilayer should be more fluid in the lower leaflet, as it has a
lower amount of anchored thiolipids in the monolayer. The very high increase in
resistance by more than a factor of 200 and the large capacitance drop from mono- to
bilayer show that an electrical sealing membrane could be achieved (see Figure 3-7 D).
This indirectly proves the self-healing of the monolayer, as without filling of the defects
in the monolayer an increase in resistance by this factor would not be possible. Still, the
resistance of a DPHDL-based membrane is in general lower than that of the other
systems. A schematic illustration of the proposed assembly for the two “extremes” DPTL and DPHDL - is given in Figure 3-8. DPTL is supposed to build a monolayer
with closely packed molecules, while DPHDL gives a less densely packed structure
with defects, where no monolayer molecules are bound to the gold surface, thus
lowering the resistance. During vesicle fusion these “holes” are filled up by free lipids,
thus increasing the electrical sealing properties of the membrane.

(((((((((((

Figure 3-8. The different assem blies in a DPTL- and DPHDL-based tBLM .
A: For a DPTL tBLM the inner leaflet is closely packed and only the outer leaflet consists o f free
lipids.
B: In the case o f DPHDL, free lipids from the vesicles intercalate into the loosely packed m onolayer
during fusion.

All four systems enable the formation of membranes with resistances above 1 MQcm
(apart from some exceptions of DPHDL-based membranes) and capacitances of 0.60.8 pFcnT2.
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3.4

Vesicle fusion seen by SPR and EIS

The vesicle fusion process can be monitored optically by SPR, where a kinetic scan
shows an increase in thickness due to the formation o f the outer leaflet of the bilayer.
Electrochemically, a change in resistance and capacitance of the layers can be
monitored, as already described in the previous chapter.

SPR
The completed formation of the outer leaflet starting from a DPTL monolayer can be
seen in an angular shift o f the plasmon resonance as shown in Figure 3-9.

Figure 3-9. Angular
SPR scans o f a
mono- and bilayer.
The shift in the
plasmon resonance
with a closer look on
the
minimum
is
plotted. The inset
shows the com plete
scans.
black: m onolayer
red: bilayer
(Fits are shown as
solid lines.)
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The fusion takes several hours as can be seen from the kinetic scan shown in Figure
3-10 which was recorded at a fixed angle of 55.7°. Directly after vesicle addition an
exponential increase in thickness can be seen, that slows down after the first hour and
reaches equilibrium after about 3 hours. Rinsing led to a loss of weakly adsorbed
material and the final thickness of the outer leaflet o f the bilayer determined by
modeling the spectra in Figure 3-9 was found to be 3.5 nm.
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Figure 3-10. Kinetic o f
the bilayer form ation
on a DPTL m onolayer.
After 15 min vesicles
were added and an
increase in thickness
could be monitored.
After
rinsing
the
bilayer thickness was
stable.
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DPTT, DPHT and DPHDL show optical vesicle fusion kinetics similar to DPTL. Even
though the kinetics and thickness of the bilayer are the same, the monolayer thicknesses,
determined from the angular scans are differing between the thiolipids. The theoretical
and experimental thicknesses are summarised in Table 3-4.
thickness with SPR

theoretical thickness

DPTL

3.2 ± 0.2 nm

5.0 nm

DPTT

2.9 ± 0.1 nm

4.5 nm

DPHT

3.0 ± 0.1 nm

5.2 nm

DPHDL

3.2 ± 0.2 nm

5.6 nm

Table 3-4. Theoretical and
experim ental thickness values
o f the monolayers.
T heoretical
lengths
were
determined by the software
C hem 3D Ultra 6.0 in a
stretched configuration o f the
molecules.

DPTT, in congruence with the calculated thickness, seems to have the lowest thickness
(2.9 nm). DPTL and DPHT have thicknesses of 3.2 and 3.0 nm, respectively, showing
that DPTL, though having a lower theoretical thickness than DPHT, gives thicker
monolayers. DPHDL has the same thickness as DPTL, though it has a longer spacer
unit and should build the thickest monolayer. This discrepancy might be due to a more
coiled polymer spacer with the six ethylene oxide moieties or a lower packing density
with more defects, thus giving a monolayer o f slightly tilted molecules in DPHT and
DPHDL. Anyhow, all molecules seem to have either a somewhat tilted or otherwise
non-stretched conformation, as none of them reaches the calculated thickness. For
DPTL an a-helical conformation of the tetraethylene oxide unit was found [190] and it
seems reasonable that this motif continues with extended spacer groups. Nonetheless,
the outer leaflet seems to reach a rather stretched conformation, as the calculated value
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of 3.5 nm for stretched DPhyPC molecules equals the experimentally measured
thickness in all investigated membrane systems.

E IS
Vesicle fusion cannot only be monitored optically as a change in thickness, but also
electrically as a drop in the membrane capacitance and a steady increase in resistance.
Spectra o f mono- and bilayers were already shown in the last chapter; therefore here the
focus will be on the change in resistance during vesicle fusion. Impedance spectra of a
DPTL-based tBLM were taken every 30 min after vesicle addition, and a selection of
the respective Bode plots is shown in Figure 3-11. The values for the resistances and
capacitances calculated from fits of the datasets can be seen in Table 3-5 and are plotted
against time in Figure 3-12.
Table 3-5. R esistance and capacitance
changes during vesicle fusion.
R mono/bilayer

C mono/bilayer

/ MQcm2

/ pFcm'2

mono.

11.97

0.67

+ ves.

17.39

0.67

0.5h

20.15

0.66

10"

lh

23.53

0.65

10s 1

1.5h

28.06

0.64

2h

33.39

0.63

2.5h

40.40
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3h

44.80

0.61

3.5h

48.65

0.60

4h

51.11

0.59

4.5h

54.19

0.57
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5h
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Figure 3-11. Vesicle fusion monitored by EIS on a
D PTL-based tBLM .
An increase in resistance can be observed after vesicle
addition.
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0,60 8
0,58 *n

Figure 3-12. Resistance increase and capacitance drop
during vesicle fusion.
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A fast increase in resistance can be seen in the first measurements. This effect slows
down after a few hours. Even if SPR showed a completed vesicle fusion after 3 hours,
the electrical parameters still change for a longer time period. This implies that the final
optical thickness is reached after a shorter time period, whereas the final composition is
reached much later. The same could be seen for the self-assembly formation process of
the monolayer as described in chapter 3.3. The changes in impedance demonstrate a
rearrangement of the lipids towards a minimisation o f energy to form a tighter
membrane, without any further change in the final thickness. The final capacitance was
also reached after 6-8 hours.

3.5

Long-Term Stability

With respect to a biosensor concept the stability of the bilayer architecture becomes of
great importance. The test of the long-term stability o f the membranes consisted of
repeated EIS measurements of the same membrane, which was stored at room
temperature under fluid at all times.
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Figure 3-13. C hange in resistance o f DPTLbased bilayers with time.
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Figure 3-14. C hange in capacitance o f DPTLbased bilayers with time.

The starting values for the different measurements are subject to fluctuations, as
described in chapter 3.3, but they all have a high resistance value in the range o f
3-10 MQcm . Resistance and capacitance values are plotted against time in Figure 3-13
and Figure 3-14, respectively. Throughout the measurements the bilayer resistance
remains fairly stable for two of the measurements (c+e). Two fluctuate but stay at a high
level above 5 MQcm2 (a+b), while one shows a decrease in resistance (d). In all cases,
the resistance after 4 month is still higher than the initial monolayer resistance. In the
capacitance plot, the large drop in capacitance after fusion can be seen. Afterwards the
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capacitance o f the bilayers increases steadily with time, but after about 60 days, the
values are still low enough (below the starting value of the monolayer), to assume a
tightly sealing membrane. Anyhow, starting from 60 days onward two of the electrodes
(b+e) give a capacitance higher than the value of the monolayer, showing a slow decay
of the membrane sealing properties. However three of the electrodes stay below
1 pFcm'2 while the others stay below 1.1 pFcm'2. The question remains, how important
these values are for the successful incorporation of a functional protein.

To solve this question the incorporation of valinomycin into an over 7 month old
DPTL-based bilayer was attempted. The resulting spectra are shown in Figure 3-15. The
bilayer still had a resistance o f 3 MQcm2, even after such a long time, showing the
stability o f the membrane. Addition of valinomycin led to a very high decrease in
resistance to about 1 kQcm2. This decrease is by far more pronounced than in a fresh
DPTL bilayer, where the resistance decreased only by a factor of 7 (see chapter 4.4).
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The capacitance of the bilayer was 1 pFcm' and increased during incorporation to
1.2pFcm"2. As expected, change of the electrolyte to NaCI led to a reincrease in
resistance, but not to the initial value of the bilayer. This can be explained by the
slightly different measuring cells used for the long-term experiments. These cells have
no in- or outlet that allows for easy rinsing, but are rinsed by use of a pipette. This can
lead to problems with removing all the potassium ions from the reservoir region. Hence
the too low resistance in the last scan is probably due to residual potassium ions. The
higher effect of the incorporation can be explained by the age of the bilayer. The 7
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month old bilayer is most likely not as sealing as a freshly prepared one and therefore
the incorporation and function of the peptide might be facilitated. The electrochemical
properties further stress this point, as a resistance of 3 MQcm is not very high for a
DPTL bilayer. Still it was shown, that the properties of the bilayer are good enough to
allow the incorporation of a membrane transporter. One question that remains is the
stability of the protein itself, a-haemolysin was reported to be extraordinarily
temperature stable (it can operate close to 100°C) and remains functional for at least 3
weeks [194]. A next step would therefore be the incorporation of bigger membrane
proteins like a-haemolysin into an aged bilayer and monitor its functionality to
investigate the lifetime of the protein and the feasibility of the biosensing concept.

3.6

Conclusions

In this chapter four different thiolipids were used for the assembly of monolayers on
ultraflat gold electrodes with a roughness below 0.5 nm as determined by AFM. The
monolayers formed via self-assembly showed extremely high contact angles due to the
hydrophobic chains of the molecules facing away from the gold. This hydrophobicity is
a prerequisite to allow for the subsequent fusion of vesicles. Self-assembly was allowed
for 24 hours, since this led to the best monolayers, as judged from their electrochemical
properties. Shorter assembly times led to unorganised monolayers with many defects,
while longer times led to undefined 3-dimensional structures. All monolayers were
examined for their electrical sealing properties by impedance spectroscopy. DPTL,
DPTT and DPHT formed monolayers with high sealing properties that increased upon
fusion with small unilamellar vesicles to resistances ranging from 2-55 MQcm . The
values o f three of the systems are close to the values of natural membranes and
synthetic black lipid membranes. DPHDL monolayers have lower resistances due to the
more bulky anchor group that hinders close packing and leads to a “self-diluting”
behaviour. Still, the formation of tightly sealing bilayers is possible, as the defects in the
monolayer are filled up with free lipids from the vesicles during the fusion process. The
vesicle fusion was monitored with SPR and EIS, showing an optically completed fusion
after 3 hours while the electrical properties improved for about 10 hours. However in
both cases, the bilayer is stable after rinsing and has a thickness of the outer leaflet of
3.5 nm as calculated from the reflectivity change in SPR. The monolayer thicknesses
are varying between 2.9-3.2 nm for the different molecules, which is below the
theoretical value for a stretched molecule. However this is in accordance with literature,
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where an a-helical conformation of the tetraethylene oxide unit was reported. The long
term stability was investigated by successive measurements of DPTL-based bilayers
over a period of several month. The electrical properties slowly declined with time, but
where still in the MD range after such a long time. In addition, incorporation of
valinomycin into a seven month old bilayer proved successful, demonstrating the
integrity of the membrane and the feasibility of using tBLMs in a biosensing concept.
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4
4.1

Valinomycin
Introduction

The mobile carrier valinomycin from Streptomyces fulvissimus is a well-known system
for ion translocation [195]. It is a cyclic antibiotic consisting o f three identical units
formed of D-valine, L-valine, L-lactic acid and D-hydroxyisovaleric acid. One side of
the macrocyclic ring is hydrophilic, the other strongly hydrophobic. It forms complexes
with alkali cations in organic films or solvents of low polarity, e.g. methanol or
chloroform [196]. It is a highly specific K+ ionophore. The oxygen atoms of the six
ester carbonyl groups can form an octahedral cage around the potassium ion (see Figure
4-1 A), in order to increase its solubility inside a hydrophobic biological membrane.
This complex offers an environment for the ion which is similar to the hydration shell of
the ion in aqueous solution. The conductivity of K+ over Na+ is by a factor o f 103 higher
in BLMs [196]. The selectivity for potassium cations compared to the smaller sodium
ions is based on the different interaction strengths with the central oxygen atoms [197].
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Figure 4-1. Structure o f valinom ycin.
A: Top view with a com plexated cation. B: Side view. |1 9 8 |

Figure 4-1 shows the structure o f the valinomycin-ion complex which resembles a flat
cylinder with a diameter of 0.97 nm [198]. Due to its high hydrophobicity on the
outside, it is able to move freely within the membrane. It can take up one potassium ion
on its hydrophilic inside and transport it from one side of the membrane to the other as
depicted in Figure 4-2.

Valinomycin was used by various groups as a model system to investigate carriermediated ion translocations across thin films such as BLMs [196, 199]. More recently it
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was used in electrochemical studies to test the quality and biomimetic functionality of
hybrid [61], supported [200] and tethered membranes [131,135,201].

4.2

In search of a model

In 1975 de Levie developed a model for carrier-mediated ion transport through lipid
bilayers in the presence of an ac field [202]. His theoretical description made the
following assumptions concerning adsorption, interfacial kinetics and aqueous ion
concentration: (1) the carrier and its ion-complex are within the membrane phase at all
times. This is the case for valinomycin which is very hydrophobic on the outside and
therefore moves within the membrane with a 4-5 orders of magnitude higher
concentration than in the aqueous phase. Furthermore the carrier itself is taken to be
uncharged, which leaves the ion-carrier complex to be the only charged species in the
membrane. (2) The membrane is symmetrical in composition, the aqueous solutions
have identical compositions and no dc potential is applied, so there is no flow of direct
current. This applies for the here shown experiments, as we just apply a lOmV ac
amplitude, that is compensated very fast over the thin membrane. (3) The concentration
of the transported ion in the water phase is so high, as to be unaffected by the flow of
current and thus is constant. This seems reasonable, as the concentration of ions is
significantly higher in the water (0.1 M) than in the membrane phase. Furthermore
adsorption effects are assumed to be absent and the interfacial ion-carrier equilibrium is
taken to be established instantaneously. Figure 4-2 describes the main processes
involved in the ion transport by membrane-confined carriers such as valinomycin. D vm
is the diffusion constant of the unloaded carrier within the membrane. The diffusion
constant of the charged ion-carrier complex is given by D * . k* and k* are the
interfacial rate constants of cations entering and leaving the membrane/water interface.
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Figure 4-2. Transport mechanism o f valinom ycin.
The processes involved in the passive diffusion o f cations mediated by valinom ycin are depicted.
The carrier can move loaded or unloaded within the m em brane phase. The interfacial rate
constants determ ine the speed by which ions can enter or leave the membrane.

In the study described in this work, de Levies theory can be applied with modified
boundary conditions due to the solid support. At the membrane/electrode interface, the
flux of ions is limited by the small ionic reservoir and the solid support. These
asymmetric boundary conditions lead to the equivalent circuit in Figure 4-3 A [200].
and

Cy

are the specific impedances of the carrier that depend on the concentration of

unloaded valinomycin in the membrane phase.
Rm

Ry

R pt

(phase transfer resistance) in series to

is the specific resistance caused by the entry of ions through the membrane/water

interface. The lipid bilayer properties are described by

Cm

and

Rm

in parallel, as

explained in chapter 2.1.3. The circuit is completed by a space charge capacitance
for the

electrode/electrolyte

interface and an electrolyte resistance

simplification of the circuit arises by the fact that

Rm

and

R pt

(R e i).

Ry

and

Cy

A

have to be summarised, as

no distinction between the two is possible. A closer look at the high value of
reveals, that the influence of

( C sc)

R pt+m

can be neglected which leads to a further

simplified model, as shown in Figure 4-3 B [200]. This model is the same, as the one
explained in chapter 2.1.3, where it was introduced as the standard equivalent circuit for
membrane systems with or without incorporated channels. It can be used here as well,
though the membrane resistance is composed of two elements.
constant during the measurements, which therefore leaves
changes during a measurement.
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Rm

R pt

is taken to be

as the sole factor that
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—

Rpt
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Figure 4-3 Equivalent circuits
for valinomycin.
A: Equivalent circuit derived
from the model of de Levie
consisting of the electrolyte
resistance R^., the membrane
capacitance C„„ the membrane
resistance Rm, the resistance
due to the interfacial kinetics
Rpt (phase transfer of ions), the
capacitance and resistance due
to the diffusion of the unloaded
carrier in the membrane (Rv
and CV) and the capacitance
of the gold electrode C^.
B: Simplified model circuit
used in this study.

A more complex model was described by Naumann et al., who used SPICE to simulate
the changes in resistance with changing potassium concentration [201]. However, for
this study the model of de Levie was considered to be sufficient.

4.3

Potassium selectivity

We were able to functionally incorporate valinomycin and show the decrease in
resistance o f a DPTT-based membrane with increasing potassium ion concentration
[138].
First, a tethered lipid bilayer based on a DPTT monolayer was build in 100 mM NaCI as
described in chapter 3. Second, a small aliquot (20 pi, 36 pM) of an ethanolic stock
solution (c = 1 mg/mL) o f valinomycin was introduced into the aqueous solution in the
measurement cell, where it spontaneously integrates into the preformed lipid bilayer.
Raguse et al. examined two incorporation techniques, namely the premixing of
valinomycin with the lipid matrix during formation of the membrane and the
incorporation from aqueous solution. They found that the two systems gave equivalent
results as judged from the conductivity after equilibration [131].
The selectivity for potassium ions was tested by increasing the potassium concentration
in the cell and measuring subsequent impedance scans. To avoid any interference due to
ionic strength of the electrolyte, 100 mM mixtures of KC1 and NaCI were used with a
varying percentage of K+ ions. Figure 4-4 shows the EIS spectra of a valinomycindoped tBLM for four different electrolyte compositions. A decrease in resistance can be
seen from the shift of the impedance in the low frequency range.
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m ediated
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The values obtained for the electrochemical properties of the membrane, which were
obtained by fitting the datasets to the equivalent circuit derived in chapter 4.2 are listed
in the table in Figure 4-5. As can be seen from the graph, the resistance decreases with
increasing potassium concentration; first rapidly, then slower until it approaches
asymptotically a small fraction of the original bilayer resistance for higher potassium
concentrations. At the same time, the membrane capacitance remains constant, showing
the integrity of the membrane.
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After rinsing with 100 mM NaCI solution, the membrane resistance increases again to a
value of 3.7 MQcm2. This final resistance is not reaching the initial resistance value of
the bilayer, which can be explained by a difficulty in rinsing the bilayer. It is probable,
that some potassium ions accumulate and remain in the submembrane space or in the
protein itself, due to the proteins high affinity for potassium.

4.4

Valinom ycin in tBLMs based on the different m onolayers

The tBLMs based on the different thiolipids show a decrease in resistance upon
incorporation of valinomycin. The difference between the systems is the factor of
resistance decrease upon incorporation. In the table in Figure 4-6, the resistances of
bilayers before valinomycin addition, after incorporation in KCI and after rinsing with
NaCI are shown. The capacitances stay constant throughout the measurements and are
not shown. The starting resistance of DPTL is very high compared to the other
thiolipids, as is the final resistance that reaches the same value as the starting one and
shows the reversibility of the process. DPTT and DPHT show the same behaviour of a
drop in resistance, with a reincrease after rinsing. The DPHDL membrane in this
experiment has only a resistance of 300 kQcm2, but a capacitance o f 0.7 pFcm'2,
indicating that we indeed have a sealing membrane. The factors calculated from the
decrease upon incorporation are shown in Figure 4-6.
R / MQcm2
DPTL

DPTT

14

DPHT

11

DPHDL

before V.

+ V. in KCI

+ V. in NaCI

DPTL

32.6

4.8

34.8

DPTT

5.08

0.35

3.69

DPHT

3.19

0.29

3.22

DPHDL

0.291

0.0020

0.216
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Figure 4-6. C hange in resistance due to valinom ycin incorporation.
The four system s show a different decrease in resistance upon valinom ycin incorporation.
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DPTL has the lowest effect, possibly due to its high resistance that forms a tight seal,
not only for the ions themselves, but also for the motion of valinomycin. DPTT and
DPHT show an effect similar to DPTL, though the decrease is slightly higher, which
matches with the lower starting resistance o f DPTT and DPHT. Only DPHDL shows a
much higher effect upon incorporation, which is also shown in the Bode plot in Figure
4-7. The strong decrease and reincrease in resistance can easily be seen in the
impedance as well as in the phase shift.
This higher effect in DPHDL is again a hint at the higher fluidity of a DPHDL bilayer in
comparison to the other systems. It can be assumed that in all experiments the same
amount of peptide is incorporated, as due to its high hydrophobicity all added
valinomycin will diffuse into the membrane. Thus, only the fluidity and therefore the
diffusion constant of the loaded or unloaded carrier influence the rate of the potassium
transport.
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Furthermore, it was found that the purchased protein already contained a small amount
of potassium. Addition of the peptide to a bilayer in NaCI, led to a significant decrease
in resistance. Further addition of potassium led to an even higher decrease, as described
above. This decrease could be reversed, by rinsing with NaCI, giving a final resistance
of the membrane that was similar to the resistance o f the bilayer before valinomycin
incorporation. This finding indicated that the drop in resistance that was observed
directly after incorporation was due to potassium present in the supplied peptide.
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4.5

Conclusions

The small ion carrier peptide valinomycin was incorporated into different tBLM
architectures. Functionality could be shown by a decrease in membrane resistance in the
presence of potassium ions. The potassium selectivity over sodium was probed by EIS.
A decrease in resistance upon increasing potassium concentration could be monitored,
as well as a reincrease after rinsing with potassium free solution. The most densely
packed membrane based on a DPTL monolayer showed the highest resistances, but
allowed only a very low activity of the incorporated carrier. This is most probably due
to its high rigidity, which prevents the free motion of the carrier within the membrane.
On the other hand, a DPHDL-based tBLM resulted in the highest activity of the carrier,
as it has a lower amount of tethered molecules in the lower leaflet, which results in a
higher fluidity. This fluidity seems to facilitate incorporation and function of the
embedded proteins. Therefore, the resistance decrease upon potassium-transport was by
a factor of 20 higher for a DPHDL-based tBLM than for a DPTL-based tBLM.
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5

Gramicidin

5.1

Introduction

Gramicidin is a well characterised antibiotic, which forms channels that selectively
transport monovalent cations of less than 200 pm unhydrated radius [203]. The channel
is impermeable to divalent cations, anions, and larger cations [204]. Gramicidin D from
Bacillus brevis is a natural mixture of 85% gramicidin A, 10% gramicidin C and 5%
gramicidin B, which differ only in one amino acid in position 11 [205]. The small
dimeric peptide-based ionophore is one of the best characterised and most extensively
studied pore-forming compounds [206, 207]. Its p-helical dimer structure is shown in
Figure 5-1.

Figure 5-1. Structure o f gram icidin.
A: Top view. B: Side view o f the two p-helices form ing a dim eric channel structure (208].

The linear pentadecapeptide forms a continuous channel consisting of two antiparallel
oriented monomers, bound to each other by six hydrogen bonds. The resulting length of
the dimer is about 2.6 nm [205], which is sufficient to span the hydrophobic part o f a
bilayer. Conducting dimers and non-conducting monomers are in equilibrium in the
bilayer membrane as schematically depicted in Figure 5-2. The van-der-Waals size of
the pore is about 400 pm in diameter. The cation selectivity determined by conductivity
measurements

in

BLMs

is

small

but

significant

and

follows:

H+>NH4+>Cs+>Rb+>K+>Na+>Li+ [209]. The increasing conductivity of the larger alkali
ions arises from the decrease in hydration enthalpy with the size of the cation [210].
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Figure 5-2. Gram icidin channels in a tBLM .
The conducting form is a dim er that is in equilibrium with non-conducting monomers.

Early experiments with gramicidin in BLMs date back to the 1970s, where the single
channel conductance of gramicidin A, B and C [211] the ion selectivity [209] and the
blocking with divalent ions were investigated [204]. The dimeric single stranded
structure already proposed by Urry in 1971 [208] was still highly discussed in the late
1990s, due to the fact that double stranded dimers were crystallised from organic
solvents and taken to be the active form of the channel [205, 212]. The identity of the
channel structure was established by 1980 through mutation experiments, determining
the single stranded head to head dimers as the conductive channel form in lipid bilayers,
as this conformation is energetically favoured over the double stranded structure, at
least in a lipid environment [213].
More recently, Nikolelis et al. introduced gramicidin into stabilised metal supported
BLMs for the development of an ammonium ion sensor [214]. Furthermore, the impact
of gramicidin in solid supported lipid bilayers on gold [155, 210, 215], silicon [216],
mercury [217] and ITO [112, 218] surfaces was investigated. In these systems,
functionality o f the channel could be shown. In addition, the selectivity for monovalent
cations could be demonstrated on gold supported bilayers [210]. Cornell et al.
engineered a biosensor based on gramicidin [106, 136]. The sensing concept is based on
mobile and immobile gramicidin half channels. The lower half of the gramicidin
channel is bound to the surface, whereas the upper, mobile part is coupled to an
antibody fragment via a streptavidin/biotin linkage. At the same time, antibody
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fragments are coupled to membrane-spanning lipids that are tethered to the surface. If
an analyte is bound by one of the immobile antibody fragments and one mobile
gramicidin bound antibody fragment, the formation of conducting dimers is hindered
and the conductivity is reduced. The competitive assay, where binding of an analyte
frees the mobile gramicidin and thus increases the conductivity is one variation of this
concept [136]. A commercial version of this biosensing scheme was developed lately
and has been applied to detect a variety of molecules, such as hormones, proteins,
nucleic acids and whole cells [219].

5.2

Selectivity of the channel

The incorporation of channels into the here studied tBLMs was probed with the wellcharacterised gramicidin system. In practice, as in the case of valinomycin, an aliquot
(10 pi, 5 nM) of an ethanolic stock solution (5 pg/ml) was added to the membrane in
aqueous buffer solution, and equilibration was allowed for 2 hours. The functional
incorporation could be shown by exposing the incorporated ion channel to different
electrolyte solutions. Due to the small size of the pore, only small monovalent cations
can pass through the channel, whereas more bulky ions are blocked.

In the Bode plot in Figure 5-3 the EIS spectra of a pure bilayer before incorporation and
of the bilayer with incorporated gramicidin in two different electrolyte solutions are
shown. The first scan was taken in 0.1 M NaCI, then gramicidin was added and the
resistance decreased from 16 Mf2cm to 3 MQcm . Changing the electrolyte solution
against more bulky ions (tetramethylammonium, TMA*), led to a reincrease in
resistance to the value of the initial bilayer. The values are shown in Table 5-1 and
demonstrate the integrity of the membrane, as the capacitance remains constant
throughout the solution exchanges. The changes in electrolyte were repeated several
times with the same results, showing the reversibility of the transport and the stability of
the membrane.

bilayer

R / MQcm2

C / pFcm'2

15.9

0.82

+

in NaCI

3.1

0.83

Gramicidin

in TMAC

16.1

0.83
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Table 5-1. Membrane resistance
and capacitance changes upon
gramicidin incorporation.
The values of the plain bilayer
and the doped membrane in NaCI
and
tetramethylammoniumchloride (TMAC) are given.
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The selectivity o f the channel for small monovalent cations was reported by Myers
together with a selectivity sequence for the alkali ions [209]. He also describes the
channels complete impermeability for TMA+ and the exclusion radius of gramicidin
was therefore determined to values smaller than 347 pm [210].

The conductance sequence determined in BLMs could not be found for tBLMs. The
gramicidin doped membrane was rinsed with 0.1 M solutions of the different alkali
chlorides and after equilibration a series of six scans was taken and the average
resistance determined. The smallest alkali cation, Li+ gave the lowest resistance (and
therefore highest conductance), followed by Na+ and NH 4+. No significant difference
could be determined between K+, Cs+ and Rb+. Without incorporated channels, no effect
upon electrolyte exchange could be monitored.

5.3

Conclusions

The dimeric channel gramicidin could be functionally incorporated into the here used
tBLM system and its selectivity for small cations could be shown. An increase in
resistance upon change of the electrolyte solution against more bulky ions could be
measured, demonstrating the quasi-blocking of the channel. Reversibility was
confirmed by re-exchange against the starting solution, resulting in a decrease in
resistance to the initial value. The selectivity sequence determined in BLMs could not
be reproduced in the tBLM system, possibly due to the limited reservoir region.
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Gramicidin provides a useful model system to test the capability of the membrane for
the incorporation of ion channels. Effects like the change in resistance upon change in
electrolyte can only be seen when leakage through the membrane is small enough to
allow ion flux uniquely through incorporated channels.
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6

M25 - fragment of the nicotinic acetylcholine receptor
6.1

Introduction

M2 is the major polypeptide component of those membrane pores, which are
responsible for the transport activities of ligand-gated ion-channels. The nicotinic
acetylcholine receptor (nAChR) has been one of the most extensively studied members
of this superfamily of channels [220]. In the last few years, details about the channel
structure and its mechanism have been published [221, 222]. Opella et a l proposed that
a pentameric helical bundle o f M2 units is the structural blueprint for the inner bundle
that lines the pores of neurotransmitter-gated channels such as acetylcholine and
glutamate receptors [223].
The nAChR is a ligand-gated pore composed o f a pentameric assembly o f subunits.
Each subunit consists of four membrane-spanning segments termed M1-M4. The M2
segments face the interior of the channel and thus shape the lumen of the aqueous pore
[224]. The M2 peptide forms a straight a-helix as shown in Figure 6-1 A, where the
transmembrane part in shown in gold. This helical peptide inserts into the bilayer at an
angle of 12° to form a bundle as shown in Figure 6-1 B. The polar residues are found to
line the inner side of the pore, whereas the nonpolar residues form the exterior o f the
bundle [222].

Figure 6-1. Structure o f M25.
A: a-helical structure o f M28. The transm em brane part is shown in gold [225].
B: Pentam eric bundle formed by 5 a-helices |2 2 3 |.

Sevin-Landais et al. fused vesicles containing nAChR-rich membrane fragments from
Torpedo californica with a tethered monolayer [29]. They demonstrated binding of
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ligands (carbamoylcholine and biotinylated a-bungarotoxin) to the channel using optical
techniques and they indicated the structural integrity o f the receptor using monoclonal
antibodies [29]. However, no electrical characterisation o f the membrane or of channel
activities was shown.

Figure 6-2. A functional M2 channel in
a tBLM .
A pore consisting o f a pentam eric
assem bly o f M2 peptides is formed
through a tBLM on a gold electrode.
The bilayer consists o f an inner leaflet,
which is covalently attached to the gold
support, and an outer leaflet o f free
lipids. The spacer region acts as an ion
reservoir, enabling the m easurem ent o f
ion flux through incorporated channels.

Large proteins often require special conditions to enable their functionality, e.g. a
certain flexibility of the membrane or an extended reservoir on both sides of the bilayer
[131, 188, 220]. Thus, the linkage o f the bilayer, the length o f the spacer and the
grafting density of the anchor lipids to the support are important parameters in the
membrane

assembly.

Less

densely

packed

membranes

should

facilitate

the

incorporation of proteins due to an increased mobility. Increasing the spacer length
should lead to an extended reservoir beneath the membrane, enabling the incorporation
of bigger proteins as shown in Figure 6-2. Finally, the anchor group can also influence
the membrane structure. Molecules anchored via one or two bonds probably form
different structures at the surfaces. At the same time, these modifications can lead to a
loss in resistance due to a lower level of organisation in the membrane and a higher
defect density. By adequate adjustment of the molecular assembly (the spacer length
and the anchor group) a membrane model optimised for the M25 channel was achieved.
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6.2 Experimental
Preparation o f proteoliposomes
Peptides, such as the transmembrane fragment M2, do not spontaneously insert into a
bilayer. To functionally incorporate and investigate these peptides, the monolayer was
fused with pre-loaded vesicles. These so-called proteoliposomes were prepared
according to the following procedure:
•

a solution of DPhyPC in chloroform (50 mg/ml) was mixed in a glass flask with a
solution of the M2 peptide in methanol (5 mg/ml) to give a molar ratio of 1:500
(M2:lipid)

•

the solvent was evaporated under nitrogen flow and the dry lipid mixture re
dissolved in cyclohexane

•

the flask was stored in liquid nitrogen while the cyclohexane was evaporated under
vacuum for at least 2 hours (until the solvent was evaporated)

•

the dry lipid was taken up in Mops buffer (0.1 M NaCl, 0.01 M Mops, pH 6.5) to
obtain a lipid mixture of 2 mg/ml buffer

•

the suspension was shock frozen in dry ice and thawed to room temperature about 4
times

•

aliquots were stored at -20°C until further use

•

before use, the mixture was extruded 21 times through a 50 nm membrane, as
described for the vesicles without peptides

•

M2 proteoliposomes were added to the monolayers in aqueous buffer giving a final
concentration of 3.2 nM M2 in the measurement cell.

The monomeric peptide M28 (sequence: EKMSTAISVLLAQAVFLLLTSQR), was
synthesised via solid-phase synthesis. The peptide was purified to >97% purity via
HPLC and purity was verified via mass spectrometry. This synthesis was carried out by
Joanna Long at the University o f Florida as described in more detail elsewhere [139].

6.3 M2 in DPTL and DPHT
The tBLMs used to study the incorporation of M2 are based on two different thiolipids
with slightly different spacer- and anchor groups. DPTL has a tetraethylene oxide
spacer and a lipoic acid anchor [105], while DPHT possesses a hexaethylene oxide
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spacer and is anchored via a single thiol-group (see chapter 3.2.1 for a detailed
structure).
The fusion process of the proteoliposomes with the monolayers was monitored via EIS
where a decrease in the capacitance of the bilayer and an increase in resistance could be
observed (similar to the vesicle fusion process in chapter 3.4). These effects are due to
the formation of a tightly sealing membrane that hinders the leakage of ions through the
membrane, thus enabling the electrical measurement of ion fluxes through embedded
pores. The kinetics of the fusion, i.e. the increase of the membrane thickness can also be
monitored optically using SPR. In Figure 6-3, the increase o f the membrane thickness
due to the formation of the outer leaflet of the bilayer is depicted as a function of time.
The fusion kinetic of the proteoliposomes with the monolayer is slightly faster than with
pure vesicles (see chapter 3.4). It is not yet clear, whether the increase in fusion speed
was achieved by the different preparation procedure of the vesicles or the peptides in the
proteoliposomes.

Figure 6-3. SPR kinetic o f the
bilayer formation.
The formation o f the outer
leaflet o f the bilayer on top of
a
DPTL
m onolayer
is
monitored. A fter 10 min the
proteoliposom es were added
and the thickness increased
to a final value o f 3.4 nm
after 100 min.

3,0
2,5

E

= 2,0

0)
0)

g

o

1,5

in
addition o f v e sic le s

o

10

20

30

40

50

60

70

80

90

100

tim e / m in

The curve increases with time, first rapidly over about 20 minutes, then slower and
reaches a plateau after about 100 minutes. Angular scans (not shown) before and after
the vesicle fusion have been taken and analysed using a multilayer system. Assuming a
refractive index of n=1.45 for DPhyPC [105], the increase in reflectivity can be
translated into a thickness increase. The so obtained thickness o f about 3.4 ± 0.2 nm is
in very good agreement with the length of the utilised lipid DPhyPC, which is about
3.5 nm, as estimated by modelling a fully stretched molecule. The electrical properties
of the bilayer changed over about 12 hours, indicating that even after the bilayer has
reached its final thickness, internal re-arrangements o f the lipids might take place. After
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completion of the vesicle fusion (typically over night) the bilayer was rinsed with KCI
(0.1 M), and an EIS spectrum was recorded. The cell was then rinsed with 5 ml of
0.1 M tetramethylammoniumchloride (TMAC) and three potential scans from +300 mV
to -300 mV were applied, to force leakage o f the membrane. Under a negative potential
the resistance of the membrane decreases and a significant leakage of ions through the
membrane is possible. Therefore, this procedure was used to maximise the removal of
the remaining K+ ions in the submembrane reservoir, which would influence the
resistance o f the bilayer. After the potential scans, the cell was again rinsed with 5 ml
TMAC, and an EIS spectrum was recorded.

The experimental data are depicted as Bode plots in Figure 6-4 for DPTL (A) and
DPHT (B) architectures, respectively. Data can be fitted using the model circuit shown
in the inset in Figure 6-4 B. The obtained values, normalised to the surface area, are
listed in Table 1. Typical pure DPTL and DPHT membranes have resistances around
lOMQcm2 [105, 132, 187, 201]. However, the first scan taken in KC1 resulted in a
resistance of only 3 MQcm . This relatively low value is due to the incorporation of
functional M2 peptides that permit the passage o f ions through the membrane, thus
reducing its resistance.
Therefore, the incorporation was achieved by fusion of pre-loaded vesicles. The
background resistance o f the bilayer itself before insertion of the ion channel cannot be
determined, as the M2 peptides do not insert spontaneously from bulk solution into the
bilayer, as it is common for other peptides such as valinomycin [138]. Therefore the
obtained values correspond to contributions from the channel and the bilayer.
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Figure 6-4. EIS spectra
o f a DPTL and DPHT
tBLM
with
incorporated M2.
All electrolyte solutions
have a concentration of
0.1 M.
A: An increase by a
factor o f 5 can be seen
for
a
DPTL-based
tBLM upon exchange of
the KCI solution to
TM AC.
After
reexchange to KCI the
form er value is reached
again
show ing
the
reversibility
of
the
blocking effect.
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B:
An
increase
in
m em brane resistance by
a factor o f 10 can be
seen for a DPHT-based
membrane. The inset
shows the equivalent
circuit (R (R C )C ) used
for m odelling the data.
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Table 6-1. Resistances and capacitances o f the two tBLM s shown in Figure 6-4.
The values are calculated from fitted EIS data. The exchange o f the electrolyte with TM A C led to
an increase in m em brane resistance by a factor o f 5 for DPTL and 10 for DPHT.

Bilayer
in...

DPTL

DPHT

Rm/

Cm/

Csc/

Rm/

Cm/

Csc/

MQcm2

pFcm'2

pFcm'2

MQcm2

pFcm'2

pFcm'2

KCI

3.1 ±0.1

0.78 ±0.01

4.8 ±0.1

3.7 ±0.1

0.73 ±0.01

7.1 ± 0 .2

TMAC

15 ±0.5

0.78 ±0.01

3.5 ± 0.2

35 ± 1.1

0.76 ±0.01

3.5 ± 0 .2

KCI

3.2 ±0.1

0.76 ±0.01

4.4 ±0.1

3.6 ±0.1

0.72 ±0.01

6.5 ± 0.2

The experimental values for the resistance and capacitance of the bilayers are listed in
Table 1. One can see that a DPTL bilayer has a resistance of 15 MQcm in the presence
of TMAC, dropping to about 3.2 MQcm2 in KCI. A DPHT bilayer shows values of
35 MQcm2 and 3.6 MQcm2, respectively. The exchange of the electrolyte solution with
TMAC thus led to an increase in the membrane resistance by a factor of 5 for DPTL and
of 10 for DPHT. This illustrates that the membrane forms a tight barrier for the bulky
TMA+ ions. Subsequent re-exchange with KCI buffer led to a drop in resistance to the
initial value, demonstrating the reversibility of the pore blocking and transport effect. At
the same time, the capacitance describing the interface/spacer region shows higher
values in the presence of K+ ions. This is due to the fact, that TMA+ ions cannot
penetrate the bilayer by means o f the pore. Therefore a smaller amount of charges is
present in the submembrane space showing up as a decreased Csc. Also here, the effect,
i.e. the difference between KCI and TMAC, is higher for DPHT than for DPTL.
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In low resistance systems such as solid supported BLMs, the change of the electrolyte
often leads to a change in resistance, due to the different ionic radii of the ions in
solution and therefore their capability of leakage through the membrane. However, in
high resistance systems such as the tBLMs presented here, different ionic species of the
same ionic strength influence neither resistance nor capacitance of the membrane.
Control experiments on protein-free membranes have shown that the electrical
properties of the membrane are independent of the type of electrolyte (here monovalent
ions such as K+ and TMA+), as the spectra in Figure 6-5 clearly indicate. Different
electrolytes only cause a change in the electrolyte resistance, showing up as a horizontal
shift o f the impedance in the high frequency domain. This does not affect our results, as
the resistance of the bilayer is derived from the low frequency domain. Further leakage
through the membrane is small enough to be neglected.
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Figure
6-5. Control
experim ent o f a pure
tBLM
in different
electrolytes.
The im pedance spectra
o f a bilayer without
incorporated M2 in KCI
(35.3 M ilcm 2)
and
TM AC (35.6 M ftcm 2),
are
shown.
The
capacitance is constant
at 0.77 pFcm'2. W ithout
incorporated M2 the
change o f the electrolyte
solution does neither
change the resistance
nor the capacitance o f
the bilayer.

The two fold higher change in the resistance o f M2-doped tBLMs for DPHT in contrast
to DPTL in otherwise identical experimental conditions might be due to differences in
the distinct structures o f the spacer and anchor group of DPTL and DPHT. DPTL is
anchored via two S-Au bonds of the lipoic acid moiety while DPHT possesses only a
single thiol group. As it has a lower number of bonds with the substrate a DPHT based
membrane might be less densely packed. This would help to enable the incorporation of
M2 peptides in their functional pentameric form. The existence of non-conducting
mono-, di-, tri-, and tetramers in the bilayer cannot be excluded. The peptides might
also disturb the membrane architecture, which could lead to a decrease of the membrane
resistance. However, this has not been seen in previous BLM experiments, where
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Oblatt-Montal showed that the M2 peptides form only conducting pentamers. They
could furthermore demonstrate the different conductivity of the channel for different
monovalent cations [224].
Based on these findings, the amount of conducting pores must be higher in DPHT than
in DPTL, though the same amount of peptides was used and a similar background
resistance o f the systems can be assumed.
Moreover, the longer spacer group of DPHT compared to DPTL might result in an
extended reservoir beneath the membrane. As a result, not only the amount of M2 pores
can be higher in DPHT, but also the ion flux measured per pore and time can be larger,
due to a more spacious submembrane reservoir. This assumption is in good agreement
with the observed changes in the spacer capacitance.
In addition, the increase in resistance upon exchange of the electrolyte (TMAC against
KCI) is lower for higher initial membrane resistances. The M2 channel consists of five
subunits that have to diffuse and assemble within the membrane to form a pore. A very
high packing density, which translates into a high resistance, might hinder the diffusion
and thus the formation of conducting pentamers.

6.4 Conclusions
The functional incorporation of synthesised M2 peptides into tBLMs in a controlled and
reproducible manner was demonstrated. The membranes itself are of excellent quality as
judged from the high electrical sealing properties. The passage of and the selectivity for
small monovalent ions could be investigated by electrochemical impedance
spectroscopy. The selectivity for small monovalent cations such as potassium could be
shown by exchange of these ions against more bulky ions (tetramethylammonium),
which cannot traverse the pore. Two tBLM architectures differing in the anchorage and
spacer part of the thiolipid were compared and it was found that the thiolipid with just
one anchoring group (DPHT) and a longer spacer reconstitutes (allows to incorporate) a
higher amount of functional pores. Therefore the presented tBLMs provide a suitable
platform for the study of ion transport phenomena and ligand interactions of channels
such as the nAChR that plays an important role in the electrical signalling between
nerve and muscle cells and is one of the most thoroughly studied neurotransmitter-gated
channels [226].
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7
7.1

a-Haemolysin
Introduction

The exotoxin a-haemolysin (a-HL) is secreted by Staphylococcus aureus as a water
soluble, monomeric, 293-residue polypeptide that forms heptameric pores in lipid
bilayers [227-230]. The overall shape of the pore resembles a mushroom with the stem
penetrating the membrane bilayer and the cap extending into the extracellular space
[231]. Each subunit has 16 antiparallel p-strands and four short a-helices. The crystal
structure of the pore (shown in Figure 7-1) reveals a mushroom-shaped object in which
the lower half o f the stem forms a transmembrane channel made up of residues from the
seven central glycine-rich regions o f the polypeptide chains. The N- and C-terminal
thirds of the polypeptides, which are rich in P-structure form the cap of the mushroom,
and reside outside the target cell [231]. In solution, the central domain of the monomer
is loosely organised and exposed to solvent.
Incorporated into cell membranes, a-HL leads to lysis of the cells by formation of large
pores within the membrane. If a single pore o f 1 to 2 nm in diameter is formed in an
erythrocyte membrane, the cell will undergo irreversible osmotic swelling and
haemoglobin is finally liberated as the membrane ruptures, thus giving the toxin its
name: haemolysin.

Figure 7-1. Crystal structure o f a-haem olysin.
A: Top view. B: Side view showing the m ushroom structure with cap and stem (231 ].

The a-HL monomers bind to the cell membrane, and pore assembly occurs upon
subsequent collision during lateral diffusion in the bilayer [232-234]. The toxin is
endowed with haemolytic, cytotoxic, dermonecrotic, and lethal properties [235, 236].
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No other pore has been so well characterised with regard to its binding to membranes.
a-HL can interact with specific binding sites on cell membranes or can adsorb in a non
specific fashion to lipid bilayers. Both types result in the formation of oligomeric pores
[228].

Due to the well characterised structure of the heptamer and the possibility to selfassemble in the absence of cellular machinery, a-HL is a prototype for the study o f the
assembly o f transmembrane proteins [230]. The monomers are easy to manipulate.
Attempts to engineer this pore and to use it as a detector for metal ions, organic
compounds, proteins and DNA have been published [43, 152, 237-240]. The main
aspect in this approach is to place a binding site specific for a target analyte into or near
the lumen of the pore. The conductivity of the pore will change upon binding of this
analyte. The frequency of binding reveals the concentration, whereas the current
signature (magnitude and duration of current-block) encodes for the nature of the
analyte. This approach, termed ‘stochastic sensing’, allows for highly sensitive
detection of analytes at the molecular level [152] and the discrimination between chiral
enantiomers was recently reported [241]. Present platforms use a-HL in BLMs, where
incorporation and measurements of transmembrane currents of a-HL have been reported
[34, 152, 242-245]. The stability and lifetime of BLMs could be enhanced by
supporting them with a crystalline S-layer [48, 49, 51] or by using protective layers
such as agarose [194]. So far, only partial incorporation into sBLMs could be shown;
complete reconstitution could not be observed in such thin films [118], mainly due to
the small space between the membrane and the support.
In a tBLM, the reservoir formed by the spacer group of the anchor lipids enables the
incorporation. Furthermore, the coupling of the membrane to an electrode allows for
electrical characterisation. The properties of the spacer region are of extreme
importance for the characteristics of the membrane [131,188].

Two different tBLM architectures were investigated for the incorporation of the protein.
The structure of the spacer region is shown to have a major influence on the
incorporation probability. The membrane-assembly and pore incorporation could be
monitored optically by surface plasmon resonance

spectroscopy (SPR)

characterised electrically by electrical impedance spectroscopy (EIS).
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and

7.2

a-H aem olysin in DPTL- and D PH D L-based tBLMs

The assembly of the tBLM architecture consists of distinct steps: formation o f the
monolayer, completion to a bilayer and incorporation of the protein. The three steps
have been followed using EIS and SPR. Fusion of vesicles with the preformed
monolayer leads to an increase in the optical thickness, an increase in resistance and a
decrease in capacitance. The two different anchorlipids DPTL and DPHDL were
synthesised as described previously [105, 132]. They consist of a diphytanyl chain that
is coupled via a glycerol linker to an oligoethylene oxide spacer. The two lipids have
different spacer lengths and anchor groups. DPTL has a spacer consisting of 4 ethylene
oxide units, whereas DPHDL has 6 ethylene oxide units. The molecules were grafted to
the gold surface by sulphur-gold bonds via lipoic acid for DPTL and via two lipoic acid
groups for DPHDL (for a detailed structure see chapter 3.2.1).
In Figure 7-2, a kinetic experiment using a DPHDL monolayer in NaCl/Mops buffer
(0.1M NaCl, 0.01M Mops, pH 6.5) is shown. An increase in membrane resistance could
be observed already in the first scan after addition of the vesicles. Simultaneously, the
formation of the outer leaflet was monitored by SPR and an exponential increase in
thickness could be seen in the kinetic mode.
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Figure 7-2. Kinetic experim ent for the formation o f a functionalised tBLM .
The left axis shows the m em brane thickness as measured by SPR illustrating the formation o f the
outer leaflet o f the bilayer on top o f a DPHDL m onolayer (solid line). A fter 10 min, liposom es were
added and the thickness increased to a final value o f 3 nm after 2h. A fter rinsing the bilayer was
stable and addition o f a-H L led to a further increase in thickness. On the right axis the m em brane
resistance as calculated from subsequent im pedance m easurem ents is plotted (squares, with a line
to guide the eye). An increase in resistance upon bilayer form ation and a decrease upon a-H L
addition can be monitored.
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Angular SPR spectra (cf Figure 7-3) were analysed using a three layer model including
the prism, gold, and the thiolipid monolayer. After vesicle fusion, a fourth layer
corresponding to the outer leaflet of the bilayer was added to the model. The refractive
indices of n=1.5, n=1.45 for the mono- and bilayer, respectively, were used [105]. a-HL
adsorption and incorporation was modelled as a very thin fifth layer with a refractive
index of 1.41 [246]. By analysing the angular scans in Figure 7-3, the thickness for the
mono- and bilayer was calculated as 3 ± 0.1 nm and 3 ± 0.2 nm, respectively. The
fusion process takes 2-3 hours, as judged from the SPR kinetic. After rinsing, the
bilayer is stable as judged from the impedance as well as from the SPR data (Figure 7-2,
130-400 min). Similar experiments have also been performed with DPTL monolayers.

Figure 7-3. Changes in
the
reflectivity
m inimum
during
m em brane form ation.
The
angular
reflectivity scans o f
the m onolayer, the
bilayer and the bilayer
after
a-H L
incorporation and the
fitted thickness values
are given. Fits are
shown as solid lines
for the first and last
scan.
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The electrical parameters of the membranes have been analysed using EIS (Figure 7-4).
In Table 7-1, the values for the electrochemical parameters of the monolayers and the
final bilayers are given. The experimental data for bilayers build on both monolayer
systems show an almost ideal shape (cf Figure 7-4 A+C), e.g. in the mid-frequency
range, the phase shift reaches -90° as for an ideal capacitor and the impedance shows a
slope of -1. The plateau in the low frequency range shows the highly resistive nature of
the membrane. The changes in capacitance are more clearly visible in the admittance
plots (Figure 7-4 B+D). In this representation, the frequency reduced real part o f the
admittance (Y=l/Z) is plotted versus its imaginary part. The intersection on the y-axis
corresponds to the capacitance, while resistances give a line parallel to the y-axis.
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For DPTL, the resistance increased from 9.9 MQcm to 19.3 MQcm , while the
capacitance decreased slightly from an already low value of 0.74 pFcm'

to

0.69 pFcnT . In the case of DPHDL the scenario looks different. The monolayer had a
very low resistance of 0.33 kQcm that increased during vesicle fusion to 1.1 MQcm .
At the same time the rather large initial capacitance of 3.5 pFcm' decreased to a final
capacitance o f the bilayer of 0.77 pFcrn” .

In the next step, 20 pi o f an a-HL monomer solution (Sigma, Steinheim, 0.5 mg/ml in
NaCl/Mops buffer) were added to the membranes to give a final concentration of
180 nM in the measurement cell.
The adsorption and incorporation o f the pore was monitored via SPR (Figure 7-2),
where a slight increase in thickness (or mass on the surface) leads to a moderate shift in
the reflectivity curve. It was proposed that the pore formation occurs in several steps,
1.e. adsorption of monomers to the surface and pore formation upon lateral collision of 7
monomers [233]. However, in the SPR kinetics an increase in thickness during several
hours (without distinct steps) can be monitored. Upon rinsing, some material is lost
from the surface, probably due to loosely adsorbed monomers or aggregates.
A quantitative analysis of the SPR angular scans in Figure 7-3 is difficult. The SPR
signal is proportional to the thickness and refractive index of a layer. The incorporated
proteins, however, do not form a homogeneous layer but are dispersed, water filled
pores in the membrane. The height o f the extramembrane mushroom cap, as estimated
from the crystal structure, is about 5 nm [231]. However, when simulating the shift of
the SPR curve by an additional layer, a height of 0.5 nm is obtained. This indicates a
rather high distribution of pores and monomers in or on the membrane, which is in good
agreement with AFM results [247].
EIS is a more sensitive method to detect the reconstitution of a-HL. Here, only
incorporated proteins that penetrate the bilayer contribute to the measured decrease in
membrane resistance. When the protein monomers were added to a preformed tBLM,
the resistance decreased almost instantaneously (Figure 7-2). The membrane resistance
further decreased as a function of time. After rinsing, an additional decrease of the
membrane could be observed, probably due to some rearrangements within the
membrane, which might allow non-incorporated monomers or non-conductive
aggregates to form functional heptamers. After this step, the resistance remained
constant at a very low level, compared to the initial values.
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Additionally, the influence of the monolayer architecture on the incorporation of the
a-HL pores was investigated. DPTL and DPHDL should form different architectures,
i.e. the lateral lipid density should be lower for a DPHDL layer and thus facilitate the
protein incorporation. This hypothesis is confirmed by the EIS data.
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Figure 7-4 EIS plots o f DPTL and DPHDL based tBLM s with incorporated a-HL.
A: Bode plot o f a DPTL m onolayer, bilayer and a bilayer with incorporated a-H L pores in
NaCI/Mops buffer (c = 0.IM ); fits are shown as solid lines (only for the im pedance). An increase in
m em brane resistance after bilayer formation and a decrease by a factor o f 13 upon pore
incorporation can be seen. The inset shows the equivalent circuit used for fitting the im pedance
data, a resistance in series with a RC elem ent and a space charge capacitance. The RC elem ent
describes the mono- and bilayer.
B: Frequency reduced adm ittance plot o f the sam e datasets as in A. At the intersection o f the
sem icircle with the y-axis, the change in capacitance between the scans can be seen. During
m em brane form ation, the capacitance decreased and re-increased upon pore insertion.
C: The sam e as in A is shown for a DPHDL m onolayer. An increase in m em brane resistance by
3000 after bilayer form ation and a decrease by a factor o f 1300 upon pore incorporation can be
seen, in contrast to the rather sm all changes with a DPTL monolayer.
D: The sam e as in B is shown for a DPHDL m onolayer. The decrease in capacitance during
m em brane form ation and re-increase upon pore insertion are more pronounced in the case of
DPHDL (note that B and D have the sam e data scale).

The decrease in resistance upon incorporation of a-HL is more pronounced in a
DPHDL-based membrane than in a DPTL-based membrane (Figure 7-4 A+C). Upon
functional incorporation, the resistance decreases while an increase in capacitance can
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be observed. However, the phase shift does not reach -90° anymore. It has to be
assumed that the large number of incorporated pores acts as a distribution of RC
elements and therefore is seen as a deviation from an ideal capacitor. An example on the
usability of different equivalent circuits in modelling the data is given in chapter 7.4.

For DPHDL, the changes in the electrochemical parameters are more pronounced than
for DPTL. The membrane resistance decreases upon incorporation of a-HL to a value of
840 Qcm . The incorporation affects also the capacitance in the case of DPHDL in
contrast to DPTL (Figure 7-4 B+D). After incorporation of the pores, the capacitance
increases significantly, as the sealing properties of the membrane are corrupted.
However, the capacitance of the last scan is still lower than that of the initial monolayer.
This indicates that the bilayer properties themselves stay untouched and no complete
breakdown o f the membrane has to be assumed. In general, the bilayer capacitance in a
DPHDL-based membrane was much less stable, than in a DPTL-based membrane,
where the capacitance changed just slightly (Table 7-1).

Table 7-1. Values for the membrane resistance and capacitance for the two different tBLM systems.
All values normalised to 1 cm2.

DPTL

DPHDL

7.3

Monolayer

R mono/ bilayer
9.9 ±0.3 MQcm2

0.74 ± 0.01 pFcm'2

Bilayer

19.3 ± 1.0 MQcm2

0.69 ± 0.02 pFcm’2

+ a-HL

1.5 ±0.3 MQcm2

0.95 ± 0.06 pFcm'2

Monolayer

0.35 ±0.1 kQcm2

3.51 ±0.5 pFcm'2

Bilayer

1.1 ±0.1 MQcm2

0.77 ± 0.02 pFcm'2

+ a-HL

0.84 ± 0.2 kQcm2

1.53 ± 0.2 pFcm'2

C mono/bilayer

The statistical approach

The differences in the membrane architecture have been systematically analysed in a set
of 6 experiments for the two monolayer systems (Figure 7-5). The differences in the
systems can be seen by the increase in membrane resistance and the decrease in
membrane capacitance upon vesicle fusion. This can be expressed by the coefficients
Rbi/Rmono and Cbi/Cmono, respectively. Similarly, Rbi/R«-HL and Cbi/Ca-HL show the effect
of the protein incorporation on the bilayer resistance and capacitance, respectively. The
Rbi/Rmono coefficients show that the increase in resistance during membrane formation is
much higher for DPHDL (mean value o f 1769) than for DPTL (mean value of 4.6, cf
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Figure 7-5 A). However, the DPTL system shows higher absolute values and is more
reproducible, whereas the scattering of the experimental data for DPHDL is relatively
high.
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Figure 7-5. Plots o f statistical m easurem ents on DPTL and DPHDL system s.
The coefficients R b j / R m o n o (A), R b i / R a . H L ( B ) , C bi/C mono (C), C bi/C a.HL ( D ) from 6 independent
experim ents with DPTL and DPHDL m onolayers are plotted as columns. Averages (Av) for both
system s are given on the right o f the corresponding colum ns. The sym bols correspond to the
absolute values and refer to the y2-axis on the right. The higher increase in resistance and decrease
in capacitance upon m em brane formation for DPHDL can be seen, as well as the more prom inent
changes upon pore insertion.

The main difference between the two systems is the chemical structure o f the anchor
lipids. DPTL is known to form very densely packed membranes [190] as can be seen by
the already high monolayer resistance. DPHDL monolayers have a very low resistance
which is due to the bulky anchor group that prevents close packing. However, defects in
the monolayer can be filled by lipids from the vesicles during fusion. The DPHDL
layers might therefore be more sensitive to defects during the membrane assembly. The
quality o f a membrane depends on factors such as surface roughness (below 0.5 nm by
AFM) and already small impurities or irregularities lead to different electrochemical
properties [139].
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The Rbi/Ra-HL coefficients in Figure 7-5 B show a similar trend. The changes in
resistance upon protein incorporation are very high for DPHDL with an average of
2774, whereas DPTL shows a much lower change by only an average factor of 44. The
decrease in resistance due to ionic currents through incorporated pores is therefore much
higher in DPHDL-based membranes, than in DPTL membranes.
Similar details can be seen in the membrane capacitance, which gives a measure of the
charge separation across the membrane. A monolayer has a higher capacitance than a
bilayer and upon membrane formation the capacitance decreases according to an ideal
capacitor:
C=^ 2d

(7.1)

for an area A, with plates separated by a distance d , a dielectric between the plates
having a dielectric permittivity e and £o being the permittivity of free space
(= 8.84*10'14Fcm'1) [153, 248]. Upon formation of a bilayer, the distance d increases
and leads to a decrease in capacitance. The

C b i/C mono

coefficients (Figure 7-5

C)

show

smaller values for a DPHDL-based membrane (mean 0.25) than for a DPTL-based one
(mean 0.86). However, the absolute

C m0no

values of DPHDL are by far higher than the

capacitances of DPTL monolayers. Though the differences in the monolayer
capacitances are very pronounced, the bilayer capacitances reach about the same value
with an average of 0.78 and 0.88 for DPTL and DPHDL, respectively. This shows that
insulating membranes can be obtained with both systems, independent of the monolayer
capacitance.
The pore incorporation shows also a significant capacitive difference for the two
architectures (Figure 7-5 D). The distinct increase in capacitance upon pore
incorporation (Cbi/Ca_HL) is in good agreement with the change in capacitance upon
membrane formation

( C b i/ C mono )

for the two architectures. After protein incorporation,

the Cbi/Ca-HL coefficients for the DPHDL architecture are again smaller than for DPTL,
which is due to the significantly higher capacitances of DPHDL membranes with
incorporated pores. In all cases, the capacitance stays below 2.4 fiFcnT , which
illustrates the integrity of the membrane. Even in the DPHDL-based system, the protein
containing membrane still showed a clearly defined capacitance and therefore no total
loss of the sealing properties of the membrane could be observed.

105

7.4

Advantages and disadvantages o f m ore com plex m odel
circuits

The data from chapter 7.2 is going to be analysed by a more complex model to
demonstrate the consistency of the used model. The DPHDL-based monolayer in Figure
7-4 C is not perfectly fitted by the R(RC)C equivalent circuit used, as can be seen in
Figure 7-6 A, where the same data is shown again with the respective fit. In the high
frequency range an electrolyte resistance is fitted, followed by an RC element that
shows the resistive and capacitive properties of the monolayer. This is fitted quite well
with the here used model. Furthermore, another capacitance is fitted. The drawback of
this model is the failure of fitting the low frequency regime, where another resistance
can be seen, while the model only describes a capacitance. This is taken into account in
the second attempt to fit the experimental data, as shown in Figure 7-6 B. The model
used for fitting employs a second RC element which results in a better agreement
between fit and data, as it was proposed to be used in the presence of defects or pinholes
[118]. An even more sophisticated model was used to obtain the fit in Figure 7-6 C,
where two RC elements in series are followed by a third capacitance. This leads to a fit
that models the data even in the low frequency range. The values obtained by fitting the
data with the three equivalent circuits are given in Table 7-2. The errors are given in %
and show the improving quality of the more complicated models. The average error
decreases from 16% for model A to 9% for model C.
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The question remains, which model is the best not only to fit but also to explain the
experimental data. In this approach the monolayer properties are the important factors
and a closer look at the values in Table 7-2 reveals that these remain nearly constant for
the first two models and change only slightly for the last model. The other values are of
minor impact for the analysis of membrane formation and protein incorporation.
Furthermore circuit B+C do neither allow fitting of the bilayer data, nor of the DPTLbased experiment. To compare all these to each other, it seems therefore more
reasonable to use the same model throughout one analysis. Especially, when the
changes in the important parameters (due to the different models) are small enough to
be negligible.

107

Table 7-2. Values obtained by fitting the dataset in Figure 7-6 with equivalent circuits A, B and C.
R = resistance, C = capacitance, Errors in %

Rm

Err

Cm

Err

pFcm'2

Qcm2

c2

Err

pFcnT2

r2

Err

MQcm2

Err

pFcm'2

A

351

27.7

3.51

15.6

3.65

4.1

B

347

25.3

3.47

14.3

3.60

3.8

19.0

15.5

C

265

14.0

3.41

8.2

5.62

5.0

1.55

12.9

7.5

C3

Average
Error
15.8
14.7

7.7

5.3

9.1

Conclusions

The functional incorporation o f the heptameric pore a-HL into a tethered bilayer system
was reported. Addition of the toxin to a tBLM was followed via surface plasmon
resonance and impedance spectroscopy. An increase in thickness could be seen by SPR,
while the electrical measurements showed a capacitance increase and a resistance
decrease. Two different membrane architectures, varying in their spacer length and
anchoring with the substrate were investigated for their electrochemical behaviour upon
membrane formation and pore incorporation. One system (DPHDL) forms a larger
reservoir under the membrane and is less densely anchored, thus forming a more fluid
architecture, while the other (DPTL) forms dense bilayers.
On the one hand, more a-HL pores are functionally incorporated into the more fluid and
less rigid DPHDL-based membrane, on the other hand, it is likely that the current
through the incorporated pores is higher for the DPHDL system due to the enhanced
submembrane reservoir. This means that modification of the membrane architecture on
a molecular scale had a significant effect on the protein incorporation.
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8
8.1

a-Haemolysin detection with SPFS
Introduction

Pushing sensitivity to the limit has been in recent years one of the major ideas of
researchers in many areas. To enhance the sensitivity of optical biosensors based on
evanescent wave techniques such as SPR, the combination with fluorescence detection
was investigated. The detection of films, too thin to induce a significant change in the
SPR curve, was achieved by detection of a minute amount of fluorophores by SPFS
[120, 249]. In 2000, an architecture that ensured the presence of bound fluorophores in
the evanescent field of the plasmonic mode was proposed [169] and since then used in
many studies [172, 174,175,184,250,251].

In this work, a sandwich-assay employing two antibodies was used. The first antibody
(Abl) is directed against the target protein (a-HL) and the second fluorescently labelled
antibody (Ab2*) is directed against the first antibody. This leads to further amplification
of the signal, as multiple binding of Ab2* to Abl is possible. A quantitative calibration
of the fluorescence signal was not possible due to the problem of distinction between
adsorbed and incorporated proteins, but a correlation between a-HL layer thickness and
fluorescence counts could be found.

8.2

Experimental

The fluorophores used for SPFS were from the Alexa Fluor family. Alexa Fluor 647 can
be excited with the red laser used in SPR (632 nm), though the absorption maximum is
at 650 nm. The emission maximum is at 668 nm and a filter for 670 nm was used, to
minimise the effect of transmitted light. The absorption and emission spectra are shown
in Figure 8-1.
Alexa Fluor was preferred to Cy5 dyes, as the total fluorescence of secondary antibody
conjugates is higher for Alexa Fluor and the Cy5 dye tends to change their maximum
absorption when conjugated to most proteins. Furthermore, Cy5 exhibits strong selfquenching effects, which makes quantitative or even semi-quantitative measurements
difficult [184], whereas Alexa Fluor was found to have a higher photo-stability [177,
252].
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Figure
8-1. Absorption
and
emission spectra of Alexa Fluor 647.
(Spectra taken from Molecular
Probes online datasheet.)
The fluorophore was excited with a
red He-Neon laser at 632 nm and
emission was measured by a photon
counter with an interference filter
of 670 nm.
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Abl (anti-staphylococcal a-toxin (a-HL) developed in rabbit, Sigma) was purchased as
delipidised whole antiserum (protein concentration 63.5 mg/ml); therefore the
concentration of antibodies could not be determined accurately. Aliquots of 5 pi stock
solution in 20 pi Mops buffer (pH 7.5) were stored at -20°C until use.
Ab2* (goat anti-rabbit IgG antibodies, 2mg/ml, Sigma) was labelled with 2-8 Alexa
Fluor 647 fluorophores per IgG molecule. Aliquots of 5 pi stock solution in 20 pi Mops
buffer (pH 7.5) were stored similar to Abl, with the only difference being a protection
against light, to prevent photobleaching.

8.3

Correlation of EIS, SPR and SPFS

A tBLM architecture was built from DPTL as described in chapter 7. The assembly was
monitored with EIS and SPR; the resulting graph looked similar to Figure 7.2.
In short: vesicle addition led to an increase in thickness, monitored by SPR at 55.7°.
The resistance increased simultaneously demonstrating the building of a sealing
membrane. After rinsing, the membrane stayed stable in resistance as well as in
thickness. Addition of a-HL led to an increase in thickness and a decrease in resistance.
The change in resistance is due to the functional incorporation of a-HL pores, whereas
the thickness increase is due to adsorption and incorporation of a-HL (see chapter 7 for
more discussion). By fitting the different layers to a model, the thicknesses of the
respective layers could be determined and are given in Table 8-1, for two independent
experiments performed in otherwise identical conditions.
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After rinsing, a simultaneous reflectivity and fluorescence scan of the protein-doped
membrane was taken, to determine the thickness and the background fluorescence of the
architecture. Next, 20 pi Abl were injected into the cell and left for binding. The kinetic
of the binding was monitored and is shown in Figure 8-2, where an increase in
reflectivity (=thickness) but no change in fluorescence can be observed. After 30 min
binding time, the cell was rinsed and another scan was recorded to determine the
thickness of the antibody layer. Subsequently, 20 pi Ab2* were injected and binding
was again monitored for 30 min. The kinetic shows an increase in thickness as well as
an exponential increase in fluorescence counts.
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Figure
8-2. Reflectivity
and fluorescence kinetic
o f the antibody binding.
Kinetic scan show ing the
reflectivity (left axis) and
fluorescence (right axis)
increase due to
the
binding o f A b l and Ab2*
to
the
m em brane
architecture.
The
corresponding
values
can be found in Table 8.1
(experim ent A).
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Only fluorescently labelled antibodies in close proximity to the surface are excited and
monitored (see chapter 2.3), therefore the measured increase in fluorescence is nearly
exclusively due to bound antibodies. The scans of the bilayer before antibody addition
and after binding of A bl show the background fluorescence of the system, which is
mostly due to the epoxy glue used for the template stripped gold slide (see Figure 8-3).
An experiment on a glass slide with directly evaporated gold without epoxy glue,
showed a lower background fluorescence o f only 104 counts. Unfortunately these slides
cannot be used to obtain highly sealing membranes, due to their roughness, as described
in chapter 3.2.2. The scan before rinsing of the secondary antibody shows the bulk
fluorescence after 30 min binding o f Ab2* and its extinction due to rinsing in the last
scan. The bulk fluorescence is most pronounced between 45-47°, before reaching the
angle of total reflection. In this region, the transmitted light excites the fluorophores.
This effect is reduced after rinsing. The maximum of fluorescence is increased after
rinsing. This is most probably due to the self-quenching effect o f the fluorophores being
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too near too each other in the concentrated solution before rinsing. This is reversed after
rinsing, as the bulk density of fluorophores is diminished. The interferences that can be
seen at the angle of maximum coupling are caused by the used gold substrate (TSG)
which leads to interferences with the evanescent field after being in solution for more
than 24 hours. The use of two different epoxy glues was investigated but these led to
problems with the stability o f the surface in ethanol and in one case an enhanced
fluorescence background.
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Figure
8-3. Angular
fluorescence scans o f the aHL doped membrane.
Binding o f the fluorescently
labelled Ab2* leads to a
m aximum in fluorescence.
The thickness values for the
different layers can be found
in Table 8.1 (experim ent A).
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The thickness of the antibody layers was determined by fitting the angular scans to a
model as described before. The refractive index o f the antibodies was assumed to be the
same as for a-HL (n=1.41), as they form no closed layer, but a distribution based on the
a-HL distribution density.

It was found, that the fluorescence signal relates to the thickness o f the antibody layers,
which in itself correlates to the a-HL layer thickness, which encodes for the amount of
a-HL on the membrane. This is on the other hand related to the EIS values of the monoand bilayers, as described in chapter 7.4.
The thickness values o f two different measurements(the first one is themeasurement
shown

inFigure 8-2 + 8-3), togetherwith their maximum

electrochemical values are given in Table 8-1.
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of fluorescence and their

Table 8-1. Resistance, thickness and maximum fluorescence intensity values.
Experiment A and B differ in the beginning only in their monolayer values, this leads to differences
in all further values. Capacitances between 0.64 - 0.68 pFcm'2

resistance / MQcm

layer thickness / nm

Fluorescence

Exp.

mono

bi

a-HL

bi

a-HL

Abl

Ab2*

max. counts/s

A

1.1

3.5

0.01

3.2

1.5

1.3

1.9

2*10t)

B

3.3

32

1.4

3.6

0.3

1.0

1.2

5*105

In experiment A DPTL monolayer of only 1.1 MQcm led to a bilayer of only
3.5 MQcm . In contrast, in B the values for mono-and bilayer are by far higher. The
decrease in resistance upon a-HL incorporation was therefore more pronounced in the
less sealing membrane A. This was reported in chapter 7 for DPTL and DPHDL
architectures, and also holds true for membranes made from the same thiolipid that have
different sealing qualities like A and B. In A, more a-HL was functionally incorporated,
as can be seen from the drastic decrease in resistance. Furthermore, the thickness
increase upon a-HL adsorption and incorporation, as measured from the SPR angular
scan is much higher, than for experiment B, where only a thin layer of 0.3 nm was
obtained. A thin layer is in this case equivalent to a low distribution of adsorbed or
incorporated pores on the surface. This explains the lower thickness of the two antibody
layers given in Table 8-1. Without addition of a-HL, no increase in thickness upon
addition of the antibodies could be seen. The fluorescence signal was obtained
simultaneously with the angular plasmon scan and the maximum of 2*106 counts/s was
measured for experiment A. In B, the fluorescence was much lower at only 5*105
counts/s, showing how the fluorescence intensity is determined by the amount of bound
antibodies.

To exclude the unspecific adsorption of antibodies to the membrane, a series of
experiments without addition o f a-HL were measured. A typical fluorescence scan
without a-HL can be seen in Figure 8-4. Addition of Abl led to no change in the
fluorescence, while the addition o f the secondary antibody led to an increase in the
overall background fluorescence and especially in the bulk fluorescence in the region
before TIR. Here, fluorophores in close proximity to the surface are excited by light
transmitted through the thin metal film. Upon rinsing this fluorescence signal is
reduced, as the dye is rinsed away from the surface. The overall increase in background
fluorescence is small enough to be neglected for the other experiments, especially as no
field enhanced fluorescence can be seen at the angle of maximum plasmon resonance.
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Figure
8-4. Angular
fluorescence scans o f a tBLM
w ithout a-HL.
An increase in the overall
background fluorescence can
be
monitored,
but
no
enhanced fluorescence peak
due to binding within the
evanescent field.
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The speed of photobleaching of the fluorophores was examined by measuring a kinetic
with and without shutter (cf chapter 2.3.2). The shutter was always programmed to start
shortly before addition of the fluorophores. In the kinetic mode the script was set to 5
sec opening time for simultaneous recording of fluorescence and reflectivity followed
by 30 sec of blocked illumination. If a scan was recorded, the script had to be stopped to
allow for constant illumination. To determine whether the time needed for a scan
decreases the fluorescence intensity, a 30 min kinetic was recorded with and without the
use of the shutter. With the shutter, the fluorescence did not change for the duration of
the experiment as can be seen in Figure 8-5. If the illumination was not blocked, the
fluorescence intensity decreased by 3% within 30 min. This quite small decrease shows
the extremely high photostability of the used dye, as already described by Yu et al.
[184]. Thus it was concluded that a scan with a duration of 1-2 min does not change the
measured fluorescence intensity.
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Figure
8-5. Fluorescence
intensity during 30 min
with and without shutter.
In the latter case, the
intensity decreases due to
photobleaching, w hile the
use o f the shutter prevents
fast bleaching.
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Conclusions

To prove the absorption and incorporation of a-HL, three analytical techniques were
combined. EIS is a powerful tool to analyse changes in the electrical properties of the
membrane, nevertheless without the combination with an optical technique that
investigates the layer architecture of the membrane, resistance changes due to
disturbances can not be excluded. Therefore the combination with SPR provides the
possibility of simultaneously studying thickness and resistance changes as described in
chapter 7. However, the increase in thickness upon a-HL addition is hardly visible. In
order to increase the sensitivity and specifity of a-HL detection, the combination of SPR
with SPFS was probed. A sandwich-assay including specific antibodies against a-HL
and secondary fluorescently labelled antibodies was employed. The resonant coupling
of SPs yields an intensity enhancement o f the evanescent field that can be employed to
excite surface bound fluorophores. By using a sandwich of two antibodies, a further
amplification of the signal can be obtained and moreover the fluorophore can be
positioned within the evanescent field and outside quenching distance of the gold
surface. An increase in thickness upon subsequent addition of Abl and Ab2* was
monitored, showing the binding o f the antibodies to the proteins. Addition of the
fluorescently labelled secondary antibody also led to an exponential increase in
fluorescence due to binding of the fluorophores within the enhanced evanescent field
close to the surface. A correlation between the three used techniques was found. The
resistance values of the mono- and bilayer determine the packing density of the
membrane and therefore facilitate (in the case of low resistances) or hinder (in the case
of a highly sealing membrane) the incorporation o f a-HL pores. The amount of surface
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bound a-HL pores seen by a decrease in resistance correlates to the increase in thickness
in the SPR signal. Moreover the thickness measured by SPR relates directly to the
maximum fluorescence intensity measured by SPFS. Thus the multiple detection of
surface bound a-HL was feasible and in combination with the impedance results an
estimation o f the amount of incorporated a-HL could be achieved.
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9
9.1

(i-electrodes
Introduction

Stochastic sensing concepts using natural receptors provide very sensitive and selective,
reconfigurable, rapid multi-analyte detection methods [237, 239, 241, 253]. One idea is
to use a biological recognition unit embedded into a biomimetic membrane architecture
as a sensor for various analytes [243]. Biophysical and nanofabrication techniques have
emerged to allow for the detection o f analytes on the single-molecule level. However, in
most approaches automation is still a major problem due to a lack of mechanical
stability of the biomimetic support [243].
One way to overcome the instability of the bilayer is to use solid-state nanopores, such
as those fabricated from SisN4 [254] or gold-coated nanotubes [255, 256]. However the
advantage o f the work with protein nanopores, is the applicability of genetic
engineering and site-specific chemical modification techniques [43, 45, 237, 240].
A possibility to improve the poor stability of the bilayer is by encapsulating it with an
agarose gel [194]. Another option is provided by the usage of tethered bilayer lipid
membranes (tBLMs) which can provide a high mechanical stability while at the same
time the membranes remain functional for weeks [139]. So far, the major drawback was
the implementation of tBLMs into a p-electronic chip design [257].

9.2

Experimental

Fabrication o f fi-electrodes
Microelectrodes were produced by evaporation of 3 nm of Ti followed by 50 nm of a
60% Au / 40% Pd alloy on a silicon/silicon dioxide substrate (cleaned in piranha prior
to evaporation) pre-pattemed to the desired structures with photoresist. A 20 nm layer
of pure gold was deposited on top of the alloy to form the surface of the pad. A
polyimide resist (PI-5878G, HD Microsystems) was photolithographically applied in
order to define the pad size and to prevent back-coupling to the underlying substrate via
the exposed edges of the sensing pad. Electrodes with window openings from 4000 pm
to 8 pm were produced by Dan Fine in Austin, Texas.
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Atomic Force Microscopy
AFM measurements were performed in tapping-mode using a Nanoscope 3100CL
(Digital Instruments, Santa Barbara, CA). Silicon nitride cantilevers with a spring
constant of 0.06 N/m (Digital Instruments, Santa Barbara, CA) were used at a scan rate
of 1 Hz and a pixel number of 512x512.

9.3

Area dependency of the electrochemical parameters

The substrate roughness has been identified as a crucial parameter for supported
membranes with high sealing properties [105, 127, 138]. Therefore the topology of the
electrodes was investigated using AFM techniques. Both topography and phase image
show the well-like structure of the electrode window in the polymer coating (Figure
9-1 A). The thickness of the polyimide film around the electrode pad was about 3 pm
(Figure 9-1 B). The roughness of the active electrode area was determined by a scan
with higher resolution on a smaller area inside the well (Figure 9-1 C). The roughness
was 1.08 nm over an area of 5 pm , which is by a factor of 2 larger than the gold
surfaces used in former studies [139, 187, 201] and might cause non-ideally sealing
membranes (see chapter 3.2.2).

Monolayers o f DPTL were prepared on the gold electrodes via self-assembly from an
ethanolic solution of the thiolipid as described in chapter 3.2.3. Before immersion into
the self-assembly solution the electrodes were cleaned with argon in a plasma cleaner
for 2 min.
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Figure
9-1. AFM
spectra
of
a
p-electrode.
A: AFM topography
and
phase
image,
showing the well-like
architecture
of
the
electrode.
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C: The roughness o f
the electrode surface
inside the well was
determined in a second
scan, giving a value o f
1.08 nm for a scan area
of
5x5 pm.
The
electrode pad shown
had a diam eter o f
20 pm.

The monolayers were measured by impedance spectroscopy to determine their
electrochemical properties. (All measurements were performed in 0.1 M KC1 solution.)
A high signal-to-noise ratio is a prerequisite to allow for stochastic sensing. One has to
be able to detect minor changes in the signal (such as transmembrane currents) from the
underlying noise [237]. If the capacitance is too high or dominated by the underlying
support, no measurements o f trans-membrane currents would be possible.
The capacitance of a DPTL monolayer was measured for 2-7 samples per electrode size
(Figure 9-2). For a 4000 pm diameter electrode, the absolute capacitance is around
1 pF. It decreases constantly to a value of 0.47 nF for the smallest electrodes (8 pm).
For large electrode sizes, the capacitance values scale quadratic with the electrode
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diameter, while a linear trend can be seen for the small electrodes. By extrapolation, a
lower limit of about 0.46 nF for the investigated electrodes can be found. This value is
probably determined by the stray capacitance of the underlying support. The different
dependence o f the capacitance on the electrode size (quadratic and linear) indicates that
on large electrodes the capacitance is dominated by the electrode area, while at smaller
electrode sizes, the circumference seems to have a dominant effect.
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Figure 9-2. Average
m onolayer
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After addition of vesicles, a series of scans was taken and an increase in resistance over
a few hours could be monitored until the final bilayer resistance was reached. In Figure
9-3 the resistance values from successive impedance scans are plotted against time for
an electrode with 4000 pm diameter. It can be taken as an example also for the smaller
electrodes. After rinsing the resistance drops, possibly because of disturbances due to
the sheer stress upon rinsing. This hardly ever happened with bilayers on TSG. It can be
assumed, that the well-like architecture of the p-electrodes favours this phenomenon.
However, overnight the bilayer regains its former properties and even improves towards
a better sealing.
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For the lipid bilayers a similar trend as for the monolayers can be seen. In Figure 9-4,
the impedance spectra o f bilayers on electrodes with diameters ranging from 4000 pm
to 10 pm are plotted. The membrane on the largest electrode (4000pm) has the lowest
resistance (29 MQ) and highest capacitance (1.1 pF) and also shows an electrolyte
resistance in the high frequency range. With decreasing electrode size, the spectra shift
upwards towards smaller capacitances and higher resistances. The membrane on the
80 pm electrode has already an absolute resistance in the gigaohm range. For the even
smaller electrodes the resistance increases further until a resistance of 16 GD for an
electrode with a diameter of 10 pm is reached. The model used for fitting the spectra is
shown in the inset in Figure 9-4; it consists of a RC element for the bilayer resistance
and capacitance.
Similar to the monolayer capacitance, the bilayer resistance scales, at least for the small
electrodes, linearly with the electrode diameter. This implies that changes in the
circumference to area relation dominate the sealing properties of the bilayer. At large
electrode sizes, the edge of the bilayer does not play a major role, while for small sizes
already a slight disordering of the mono-/bilayer structure at the edges of the electrode
can have a major influence on the electrical properties of the membrane. To conclude,
even though the bilayer resistances on the small electrodes are in the gigaohm range,
they are no longer in the MQcm range, used before to characterise bilayer membranes
on macroscopic electrodes as described in the other chapters of this work.
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a-H aem olysin incorporation on p-electrodes

The essential parameter for a successful application of a tBLM in a biosensing concept
is the incorporation of functional membrane proteins. a-HL has been used in many
studies as a model system for a pore-forming protein [51, 152, 229, 230, 238, 253]. It
can be incorporated easily into BLMs [34, 48, 242, 244, 258] and recently the
incorporation into tBLMs on macroscopic electrodes was reported [129] (see also
chapter 7 + 8). The pore can be modified as a receptor for divalent metal ions, organic
compounds and TNT [237-239] and showed specifically modified currents upon
binding of the respective analytes. In this study wild-type a-haemolysin (Sigma,
Steinheim) was incorporated by addition of a small aliquot (180 nM) to a preformed
bilayer with a resistance of 5.5 GQ on a 20 pm electrode (Figure 9-5). Upon
incorporation, a-HL forms a water-filled heptameric pore with 1-2 nm pore diameter
[231]. The membrane resistance decreased by over three orders of magnitude to a value
of 1.5 MQ. This is even lower than the initial monolayer resistance showing the ability
of the protein to penetrate through the whole bilayer. While the electrical parameter of
mono- and bilayer could be analysed using a single RC-element, a second RC-element
had to be introduced to describe the protein-doped membrane (inset of Figure 9-5).
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Conclusions

For a possible biosensing concept the embedding of the sensing matrix, the bilayer, into
a micro-electronic architecture is o f significant interest. In order to measure low
currents in the pA range flowing though single protein molecules, a high background
resistance of the membrane is essential. It could be shown that on p-electrodes with
diameters below 80 pm tBLMs with resistances above 1 GQ can be achieved. However,
the electrical parameters are mostly dominated by defects or unordered structures at the
edge o f the membrane. Clever engineering of this area might lead to further
improvements. Nevertheless, we could show that a tBLM on a microelectrode can host
membrane pores such as a-HL in a functional form, as a significant decrease of the
membrane resistance due to protein incorporation could be measured.
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10 Conclusions and Outlook
The assembly of tethered bilayer lipid membranes (tBLM) and the subsequent
incorporation of membrane proteins were investigated with respect to their potential use
as a biosensing system.
The monolayers were self-assembled on ultraflat template stripped gold substrates with
a reproducible roughness below 0.5 nm. tBLM architectures made from four different
thiolipids were investigated optically by SPR and electrically by impedance
spectroscopy. It was found that the distinct structures of the molecules lead to variations
in the thickness and electrochemical properties of the layers. Membranes with sealing
properties similar to those o f natural membranes were obtained by fusion of the
monolayers with small unilamellar vesicles. The fusion could be monitored optically by
SPR as an increase in reflectivity (thickness) upon formation of the outer leaflet of the
bilayer. With EIS, a drop in capacitance and a steady increase in resistance could be
observed leading to a tightly sealing membrane with low leakage currents. However, the
membranes showed differences concerning their density and fluidity depending on the
used thiolipids.

It was possible to incorporate several membrane proteins into the different tBLM
systems. In the case of valinomycin the potassium transport mediated by the ion carrier
could be shown by a decrease in resistance upon increasing potassium concentration.
Selectivity for small cations could be shown for the dimeric channel gramicidin. An
increase in resistance upon change o f the electrolyte solution against more bulky ions
could be measured, demonstrating the quasi-blocking of the channel. The channels’
permeability for small cations could be reproduced by re-exchange against the starting
solution, resulting in a return to the initial resistance value.
Fusion of proteoliposomes containing M2 peptides of the nicotinic acetylcholine
receptor led to a membrane with pores formed by pentameric bundles of M2. These
pores were permeable for small monovalent cations such as sodium or potassium but
formed a barrier for the large tetramethylammonium ions.
Addition of the toxin a-haemolysin (a-HL) to a bilayer led to the formation of large
pores, as could be inferred from an increase in thickness monitored by SPR and a
drastic decrease in the resistance of the bilayer.
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The functional incorporation of membrane proteins into biomimetic membranes is still a
major problem on the way to develop sensing devices. However, the approach presented
here allowed probing the functionality and selectivity of different peptides and proteins
by EIS. Furthermore, by using different thiolipids to build up the tBLMs, the number of
functionally incorporated proteins could be enhanced and their activity increased. In the
case o f valinomycin, all four monolayer systems were investigated and it was found that
the decrease in resistance upon incorporation is influenced by the use of the different
monolayers (in otherwise identical conditions). A maximum difference by a factor of 20
was found between the different tBLMs. The most densely packed membrane based on
a DPTL monolayer showed the highest resistances, but allowed only a very low activity
o f the incorporated carrier. This is probably due to the high rigidity of the tBLM, which
prevents the free movement of the peptide between the two bilayer leaflets. On the other
hand, a DPHDL-based tBLM resulted in the highest activity of the protein, as it has a
lower density o f tethered molecules, which results in a higher fluidity. For M2, the
factor by which the membrane resistance changed was more pronounced in a membrane
based on a thiolipid with a longer spacer region and only one anchor group (DPHT)
compared to DPTL with two anchor units and a slightly shorter spacer. This led to the
assumption that DPHT has a higher fluidity in the lower leaflet, due to a lower number
of anchored monolayer molecules and thus permits the assembly o f a higher number of
functional pentamers.
In the case o f a-HL, the comparison o f two different architectures revealed a higher
amount o f incorporated pores in a DPHDL-based tBLM with a more bulky anchor
group than in a DPTL-based tBLM. In the less densely packed DPHDL membrane, the
resistance decreased by far more than in a DPTL membrane, demonstrating that the
enhanced fluidity in this architecture allowed the formation of a higher amount of
functionally incorporated a-HL heptamers. The higher amount of incorporated pores in
a less densely packed membrane with poor sealing properties was also confirmed by
SPFS measurements with fluorescently labelled antibodies against a-HL. Thus, the
initial resistance was found to determine the amount of functionally incorporated pores.
Controlling the membrane assembly for an optimal incorporation of the desired protein
cannot only give valuable information about the mechanism of protein insertion into the
membrane but can also help to determine the minimum requirements for its
functionality within a biomimetic membrane. With the here shown approach an
optimised construction of a membrane architecture specially designed for the ideal
performance o f a given membrane protein was achieved.
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Furthermore, the long-term stability of the bilayers was investigated, as this is one of
the key factors for sensing applications that imply continuous monitoring. Throughout
subsequent measurements, the resistance of the membranes remained stable for up to 90
days, whereas the capacitance showed a slight increase with time. Nevertheless, after 60
days the capacitance was still low enough to ensure a tight sealing.

The next step towards the realisation of a membrane-based biosensor was the
implementation of the membrane into a microelectronic chip design. Measurements of
tBLMs on ju-electrodes showed gigaohmic resistances (gigaseals) on electrodes smaller
than 80 pm. However, it was found that the electrochemical parameters do not augment
with the area but rather with the circumference and the electrical parameters are to some
extent determined by defects on the edges of the electrode. Nonetheless, the
incorporation o f a-HL could be achieved on the small electrodes and showed the same
behaviour as on macroscopic electrodes.

This work offers a possibility for building a quasi-natural environment for the
incorporation of membrane proteins and receptors, thus enabling their use as central
elements in biosensor devices. Still, some crucial advances need to be made. Further
improvements of the structure of the membrane at the edges of the electrodes are
necessary. One possibility is the use of polymerisable lipids to construct a membrane
with fluid and rigid areas in which membrane proteins can be easily directed into the
fluid patches situated above sensing pads.
In this work only wild-type a-HL was used. However, several advances on a-HL
mutants with specialised binding sites for various analytes are reported [239, 241, 253],
opening the way towards the design of sensing elements for drug screening or toxin
monitoring. The detection of single channel currents through modified channels is
feasible with a patch-clamp amplifier. This combination would thus allow for stochastic
sensing to determine minute concentrations of analytes [238, 243]. By use of
microelectronic arrays of functionalised membrane patches with a microfluidic control,
a chip for the simultaneous screening o f several analytes can be achieved.
The here shown advances towards the design of a extremely stable biomimetic
membrane architecture and the progress towards the implementation of natural channels
and pores as sensing elements is a major step towards the construction of a biosensor
device with the selectivity and sensitivity of natural recognition processes.
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