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Abstract

The transmembrane potential difference A¢,, is closely associated to the catalytic
activity of cytochrome ¢ ozidase (CcO). CcO is the terminal enzyme (complex IV) in
the electron transport chain of the mitochondria. The enzyme catalyzes the reduction
of O, to 2H,0, thereby electrons are transferred from cytochrome c to CcO. Electron
transfer within the CcO is coupled to proton translocation. Consequently, a difference
in proton concentration over the inner mitochondrial membrane and a membrane
potential difference A¢,, are generated.

The transmembrane potential A¢,, can be measured by fluorescence spectroscopy
using a potential sensitive dye. Before quantitative results can be deduced from such
investigations, calibration measurements using defined electrical potentials applied to
the lipid membrane have to be conducted.

Here, calibration measurement of A¢,, in a model membrane with CcO are pre-
sented. Ag,, is induced by defined external potentials applied to the lipid membrane.
Therefore, a model membrane system called the protein-tethered bilayer lipid mem-
brane (ptBLM) was developed on the transparent, semi-conducting substrate indium
tin-oxide (ITO). ITO enables simultaneous implementation of electrochemical and flu-
orescence or optical waveguide techniques.

A thin hydrogel layer was used as a soft 'cushion’ for the ptBLM on ITO, providing
the nickel chelating nitrilo-triacetic acid (NTA) groups, to which CcO from Paracoccus
denitrificans was bound in a well defined orientation via a his-tag attached to its sub-
unit I. The ptBLM was then formed by in-situ dialysis using bio-beads. Electrochem-
ical impedance spectroscopy showed good electrical sealing properties (x1 MQ-cm?).
Surface plasmon resonance optical waveguide spectroscopy (SPR/OWS) indicated an
increased anisotropy of the system after formation of the lipid bilayer. Cyclic voltam-
metry in the presence of reduced cytochrome ¢ demonstrated that CcO was incorpo-
rated into the gel-supported ptBLM in a functionally active form. The membrane
potential induced in a gel-supported ptBLM by an external voltage waveform was
measured by ratiometric fluorescence spectroscopy. Reference measurements using
a tethered BLM provided a conversion factor in terms of the ratiometric parameter
R, (0.05/100mV). Potential changes induced in the ptBLM by external voltage were
measured down to 80 mV. These data provide a basis for future investigations of the
self-generated A¢,, of CcO in a ptBLM.
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Chapter 1

Introduction

The lipid bilayer membrane plays a prominent role in many biologically relevant
processes. Examples are signal transduction, transport of ions and molecules, bio-
synthesis, cell adhesion and recognition. Natural membranes are usually of great
complexity and the investigation of single species of membrane proteins is hard to
realize using common analytical techniques. Artificial lipid membrane systems have
to be designed to mimic the conditions of a biological membrane and the protein of
interest has to be re-constituted into the membrane. Proteolipsomes were often used
to incorporate membrane proteins|70, 133]. Even though transport processes through
membrane proteins could be investigated, this method had two major drawbacks, accu-
mulation of transported species in the inner compartment and the lack of control over
the membrane potential. Black lipid membranes (BLM) do overcome this problem,
but exhibit a low mechanical stability.

If the lipid membrane is tethered to a solid support, i. e. a planar electrode surface,
the bilayer can be stabilized and membrane proteins can be incorporated into the mem-
brane in a functional manner. These so-called tethered BLMs (tBLM)[65, 91, 114, 13§]
allow the application of various surface analytical tools including electrochemical tech-
niques. Ton transport across lipid membranes facilitated by membrane proteins could
thus be investigated. Channel peptides, such as mellitin and gramicidin, and ion car-
riers, such as valinomycin, were successfully incorporated|7, 23, 46, 92, 116]. They
were shown to transport ions with similar ion transfer rates as in classical bilayer or
BLMs|92]. Larger and more complex enzymes such as cytochrome ¢ ozidase (CcO)
were also incorporated. However, relatively small catalytic currents were measured by
cyclic voltammetry (CV)[24, 52, 91]. Similar results were obtained for CcO immobi-

lized in a complex with cytochrome ¢ (cyt c¢)[45]. Moreover, the lower leaflet of the



Chapter 1 Introduction

lipid bilayer is not fluid due to the tether moities covalently attached to the surface.
This prevents incorporation of large membrane proteins.

In an attempt to preserve the catalytic activity of such proteins immobilized on
surfaces, a bio-mimetic membrane system was developed in our group in which the
proteins are immobilized on a planar electrode using the histidine-tag (his-tag) technol-
ogy. A lipid bilayer is then reconstituted around the bound proteins by in situ dialysis
to form the protein-tethered bilayer lipid membrane (ptBLM)[38]. The most obvious
advantage of this system is the strict control over the orientation of the protein.

Recently, it was shown that the CcO from Rhodobacter sphaeroides, embedded in
such a system with the his-tag attached to subunit (SU) II, can be effectively activated
by direct electron transfer (ET). This was demonstrated by electrochemical methods
in combination with surface-enhanced resonance Raman spectroscopy (SERRS) and
surface-enhanced IR absorption spectroscopy (SEIRAS)[33, 58]. On the other hand,
when the CcO from Paracoccus denitrificans is immobilized with the his-tag attached
to SU I, the cyt ¢ binding site is directed away from the electrode to the outer side
of the tBLM architecture. The protein can then be activated by cyt c to actively
transport protons across the lipid bilayer structure[35].

Model systems that have been developed for the investigation of membrane proteins

are described in the following.

1.1 Membrane Model Systems for the Investigation

of Membrane Proteins

The first membrane model systems introduced in the early 1960s were lipid bilayer
membranes, either produced in the form of a sphere such as liposomes and giant unil-
amellar vesicles (GUV)[20, 71, 108], or as a two dimensional planar system separating
two aqueous reservoirs such as the BLM.[9, 44, 86|. Several ion transport channels
and receptors have been characterized for their electrochemical and kinetic properties
using these model systems.

For membrane studies towards the investigation of membrane proteins and the asso-
ciated application as a sensing system, liposomes have a limited relevance, as the inner
compartment is very small and inaccessible to chemical manipulation. Electrical mea-

surements can only be realized in a patch clamp configuration. This limitations can be
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overcome by the formation of supported planar lipid bilayers (sBLM)[11, 69, 110, 111].
These membrane systems are formed directly on the metal or semi-conductor electrode
surface. However, the main drawback of such supported model membrane systems re-
ported in the early years was the strong interaction of incorporated proteins with the
solid support leading to immediate denaturation.

This limitation can be overcome by a tethering moity attaching the membrane to
a solid support. These types of membranes are of special interest due to their high
mechanical stability and therefore will be described in the next section. Another ad-
vantage is the possibility to use various surface analytical tools for the characterization
and study of these systems that are not applicable with vesicles and BLMs, such as
microscopic techniques, AFM, ellipsometry, FRAP, SPR, EIS and QCM-D[115|.

1.1.1 Tethered BLM on metal electrodes

The use of a clearly defined, short tethering unit, which is on one side covalently
bound to the support like a gold substrate and on the other to the lipid building the
inner leaflet of the bilayer, is one of the possibilities of building tethered bilayer lipid
membranes (tBLM). The backbone of such a tethering molecule can be build using
alkyl chains[39], phospholipids [68, 89, 117| or cholesterol derivatives[50] bound via
the tether unit to the anchor group that is sulphur bearing end groups[121, 128] for
the case of a gold support (Fig. 1.1). For silicon oxide surfaces silanes have been used
[4]. The anchor lipids 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. The spacer acts as an elastic buffer, separating the bilayer from
the support and providing a small ionic reservoir[90, 117, 126, 134].

The first tBLM architecture was reported by Vogel and co-workers|68], who synthe-
sized so-called thiolipids consisting of two disulphide-linked hydrophilic spacer groups
of 1-3 ethoxy groups which are coupled to a phospholipid. 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[109]. For example, the diffusion properties
of the two leaflets of the bilayer are important for the incorporation of small proteins,

whereas the high electrical sealing properties are major factors in order to separate
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hydrophilic spacer groups
small water reservoir

anchoring moiety
e. g. thiols for gold supports

Figure 1.1: Schematic representation of a tethered BLM on a solid substrate. The
sub-membrane space consists of anchor lipids attaching the first leaflet of
the membrane to the support. The chemical method used for anchorage
depends on the support. For gold supports thiols are used in most cases.

the protein signal from the leak current of the membrane. 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 of
leakage or flux.

Many different spacer groups have been used throughout literature, the most com-
mon being ethylene oxide[3, 63, 64, 109, 128, 134]. However an alternative are oligopep-
tide sequences attached to the anchor group, which then form a peptide-tethered
membrane[60, 91, 103, 117|. Cornell et al. were the first to use archaea lipids with
phytanyl chains to stabilize the bilayer structure . Additionally they introduced full
membrane spanning lipids to further enhance the stability of the architecture|23].
Based on a similar approach, Schiller synthesized a new thiolipid using phytanyl chains
[116]and a tetraethylene glycol moiety linked to the lipoic acid anchor group yield-
ing a molecule named di-phytanyl-glycerol-tetraethylene glycol-lipoic acid ester lipid
(DPTL). With this molecule bilayers with resistances in the 10 MQ-cm? range and
capacitances around 0.7 4F/ecm? could be obtained, which is comparable to the values
reported for BLMs.

tBLMs on oxidic surfaces and semi-conductor surfaces were also reported using the

same strategy|3|. A different approach to obtain tBLMs is the use of hanging mercury
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drops as a electrode|[103], 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 functionalized with valinomycin, though the electrochemical properties of these
layers were quite low. 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 resulting bilayers is at its best around 0.2 M{2-cm? with capacitances
around 11F/ecm? showing a poor organization of the bilayer as compared to those on

gold surfaces.

1.1.2 Protein-tethered BLM on metal electrodes

tBLMs have some major drawbacks despite their good sealing properties and mechan-
ical stability. The spacer molecule which is also the anchor to the support has to be
chosen appropriately in order to allow for a adequate reservoir in the sub-membrane
space. Further, the spacer molecule itself hinders functional incorporation of mem-
brane proteins into the tBLM.

A new model system, the protein-tethered bilayer lipid membrane (ptBLM), for the
investigation of membrane proteins has been developed in our group on noble metal
substrates[38, 96]. It is formed by, first immobilizing the protein utilizing the his-tag
technology, while it is stabilized by detergent molecules. Then the protein is used as
a scaffold to form a lipid bilayer. which is done by in-situ dialysis using bio-beads.
Thereby, the detergens molecules are replaced by lipids and a bilayer forms around the
protein. Surface analytical techniques such as SPR, EIS, SEIRAS and SERRS have
been employed as yet[34, 58, 96]. The advantage of this method is that the protein
is reconstituted in a bilayer in a functional manner. The size of the sub-membrane
space is defined by the cytosolic part of the protein. Moreover, the membrane protein
is incorporated in a well defined orientation, predetermined by the location of its
histidine anchor.

The His-tag technology is based on the strong affinity of polyhistidine to metal
complexes formed by nickel or cobalt ions. This property is utilized in the purifica-
tion of polyhistidine-tagged proteins expressed in prokaryotic cells. Therefore, high
affinity media such as Ni Sepharose are employed. These media contain bound metal
chelate complexes, very often formed using a chelating compound such as nitrilotri-

acetic acid (NTA). During purification the his-tagged protein binds specifically to the
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-
lipid molecules

Tdetergens molecules

Figure 1.2: (a) Surface functionalization on gold for the immobilization of cytochrome
¢ oxidase with the his-tag attached to SU I. The his-tag technology has
been utilized in order to bind the membrane protein to the gold surface.
(b) Schematics of the reconstitution of cytochrome ¢ ozidase (CcO) into a
ptBLM by in-situ dialysis.
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metal chelate complex. Unspecific bound proteins are removed by subsequent wash-
ing. NTA-Ni?" based affinity media show the highest binding capacity, whereas Co
based resins offer the highest purity of the sample.

This technique is also suitable for the immobilization of membrane proteins onto
electrode surfaces. For example, his-tagged cytochrome ¢ oxidase was immobilized
on gold in a analog manner. The surface was functionalized using dithiopropionate
bearing a NTA terminal. The sample is incubated in a Ni?' solution. NTA forms
an octaheadral coordination complex with Ni?". Two of the coordination sites are
occupied by water molecules. Upon binding of the CcO, the his-tag replaces the
water molecules and coordinates to the NTA-Ni®" chelate. Afterwards the protein is
reconstituted into a lipid bilayer.

The His-tag is commonly located at the N- or C-terminus of a subunit within the
protein. For CcO with the His-tag at the C-terminus of subunit II the protein was ori-
ented with the cyt ¢ binding site directed toward the electrode (down-configuration).
Bio-electronic coupling of the protein to the electrode is achieved only in this orien-
tation, when the primary electron acceptor, the Cu, center, was directed toward the
electrode. CcO with the His-tag at the C-terminus of subunit I allows the immobiliza-
tion of the protein such that the cyt ¢ binding site is showing to the opposite direction,
away from the electrode. In this orientation the cyt ¢ binding site is accessible to freely

diffusing electron donors in the bulk solution.

1.2 Significance of the Membrane Potential

All cells in organisms are able to regulate the influx of important resources from their
environment through the membrane into the cell compartment in order to run vital
processes for intracellular bio-synthesis and energy production. At the same time
waste products have to be transported out of the cell comportment, pH and water
concentration are controlled in the same manner. The plasma membrane plays a criti-
cal roll in the regulation of influx and outflow’s of ions and substances. The regulatory
mechanisms can be separated into passive (e.g. diffusion driven) and active (e.g. pro-
ton pump) transport routes across the membrane. Some proteins, incorporated into
the membrane, are able to specifically mediate the transport of solutes like nutrition’s,

amino acids or inorganic ions. In the passive route, carrier proteins (permeases), or
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Figure 1.3: Change of the Gibbs free energy during the passage of an ion through the
lipid membrane. Detachment of the hydration shell is a highly endorgenic
process. A higher activation energy is required for simple diffusion of ions
through the lipid bilayer compared to carrier mediated transport.

ion channels do efficiently transport molecules and ions, since the membrane is virtu-
ally impermeable to the relevant substances. Other proteins are even able to 'pump’ -
active transport - against an electrical or a concentration gradient, in contrast to the
passive case where the transport always occurs along such a gradient. In the case of
ion translocation across the membrane in either direction the transport processes is
closely associated with the electrical fields formed across the membrane. In the next
section the transport process of ions will be described in more detail. Later the focus
will be on the active ion transporters in the respiratory chain and more specifically

the proton pump cytochrome c oxidase.

1.2.1 Passive ion transport

The concentration difference of ions between the inner comportment, enclosed by the
membrane, and the environment causes the diffusion of ions through the lipid mem-
brane. While passing through the bilayer, the ion has to leave the energy minimum

which it reached due to the formation of the hydration shell around it, move from a
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high dielectric constant region (aqueous phase) through a 3nm thick lipid bilayer with
a low dielectric constant and a hydrophobic interior and, finally, enter the aqueous
phase on the opposite site. Consequently, the membrane acts as a high energy barrier
to the diffusion of ions. Accordingly a high activation energy AGH* is required in order
to get the ion from one side of the membrane to the other. Simple diffusion of ions
through the membrane is a very slow process with time constants reaching several
hours.

Based on the solubility-diffusion mechanism frequently referred to[29, 81, 105|, the
Gibbs free energy of the diffusion process can be separated into several terms describing
the electrostatic, hydrophobic and other specific energy barriers that the ion has to
permeate[101]

AGH= AGL + AGE+ AGE + AGH, (1.1)

A continuum model is taken for the description of the bilayer, i.e. the membrane as
a structureless, continuous dielectric layer separating the two aqueous phases. AGIB
is than the Born energy describing the electrostatic energy required to place a charge
from the aqueous phase into the interior of the hydrophobic layer. The second elec-
trostatic term arises from the force acting on a charge ¢ placed close to the interface
separating two dielectric half spaces €1, €5. ¢ located in €, induces an image counter
charge Q' in ;. Hence, an electrostatic image force acts on the ion close to the in-
terface leading to AG? in eq. 1.1. The last electrostatic term, AG}L‘), describes the
contribution of the membrane dipole potential, induced by the carbonyl groups at the
head of lipids, to the Gibbs free energy. Observations show that it is due to the dipole
potential that anions diffuse faster through the membrane than cations of comparable
size[31, 32]. Consequently, AG% is negative for anions, lowering the energy barrier
imposed by the bilayer for anions in comparison to cations. The last term AG% takes
into account the energy that is required to remove an ion from the aqueous phase
and place it into the hydrocarbon region of the membrane, since the hydrophobic
effect causes a substantial barrier to ion diffusion, AG% can outweigh the combined
electrostatic effect represented by the other three terms.

Various semi-empirical approaches exist in order to quantify AG* by expressing each
term in eq. 1.1 into a mathematical form[31, 93, 100]. The different models will not
be described here. Once AG* can be determined the permeability P of the membrane
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can be calculated using an equation derived from Ficks first law of diffusion

KD
d
exp -AG*/RT. (1.3)

K

However, there were strong evidences suggesting that some mechanisms facilitate
permeation of ions at considerably higher rates, e.g. the transmembrane potential was
shown to be influenced by the passive permeation of ions through biological mem-
branes, especially in electrically active tissues[104] which can only be explained by an
additional, faster permeation process through the lipid matrix.

Transient defects within the membrane produced by thermal fluctuations|85], elec-
tric fields[12, 55, 131, 136], antimicrobial peptides|[16, 107, 118| or mechanical stress|13,
25| can offer a pathway for ion permeation, avoiding the Born energy barrier associ-
ated with the solubility-diffusion mechanism. The bypass is formed by hydrophilic and
hydrophobic pores in the membrane, of which the latter are of particular relevance
for cations permeating thin lipid bilayers. Moreover, the electroporation method for
example, where pores are intentionally induced by applied electric fields, allows the
introduction of foreign agents, genes or peptides into the cell and thus became an
important tool in cell biological applications.

In free-suspended BLMs on electrodes, where defined electrical fields can be applied
to the bilayer, electroporation can become the dominating mechanism for passive, pore-
mediated ion transport. The population of aqueous pathways is closely associated to
the increased permeability P of the membrane to ions (electropermeabilization). The
effect on P can be quite well described using theoretical models, though the structure
of the pores or the phase transition itself, i.e. the different states of pore formation,
are difficult to determine. For that reason, in the following electropermeabilization
will be further elucidate. Formation of hydrophilic pores most likely arises from the
transformation of hydrophobic pores, which are formed as a consequence of lateral
thermal fluctuations. Thermal fluctuation is a zero order process which in turn can
be modelled according to the absolute rate theory for chemical reactions. The change

of Gibbs free energy for pore formation can be described as|135]

AGHAGy, ) = Wineen + W (1.4)
Wa = A@Emr?(ew — €m)/2dm (1.5)

10
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Figure 1.4: Examples of the formation energy (right) of single pores with radius r in
a lipid membrane eq. (1.4). Schematic presentation of the two basic pore
types is shown on the left: hydrophilic (dashed line) and hydrophobic (solid
line) pores. At nonzero electrical potentials the energy barrier is lowered
significantly (second curve in graph).

The electrical work Wy, is determined by the membrane thickness d,,, it’s dielectric
constant ¢,,, the €, of the aqueous phase, the pore radius r and the electric potential
A¢,,. The mechanical work for pore formation can be described by simply taking the
change of surface area of the lipid film compared to that of the pore edges. However,
the hydrophobic interaction of the pore edges has also to be taken into account. This
leads then to[135]

Wmech

21rd,,y(r) (1.6)
Yoo L1 (7/70) /Lo (7[T0) (L.7)

v(r)

The tension at the interface between the hydrophobic lipid tails and the water column
in the pore is taken into account by ~(r), where Iy, I are the modified Bessel functions

of n-th order. 7y is a scaling length. The rate constant of pore formation is then

AG}

2 (1.8)

The free energy AGH(A¢,,,&) can be written as a function of the dimensionless
radius € = r/d,,. At A¢,,=0 the left term of eq. 1.4 leads to the first energy curve
AG% in Fig. 1.4. Below the critical radius £* - the intersection between hydrophobic

and hydrophilic curve - formation of hydrophilic pores having small radii requires so

11
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much energy (dashed part of curve 1 in Fig. 1.4) that this transformation becomes very
unlikely. Hydrophobic pores dominate in this regime. Above the critical radius, the
rearrangement of lipids becomes energetically more favorable resulting in the formation
of hydrophilic pores. Additionally, if a electrical field is applied, A¢,, # 0, the energy
barrier for pore formation is further lowered (see AG} in Fig. 1.4).

Finally, since the total permeability of the membrane at steady state is proportional

to the accumulation of hydrophilic pores, P can be written as[113|

I

AG
P(A¢y,) = Pyexp— kTp (1.9)

where Py is the total permeability at A¢,, = 0. The resealing of the pores is considered
to be independent of Ag,,.

In general, ion permeation by pores is the dominant mechanism in passive transport
only if the membrane is sufficiently thin in terms of £. For increasing membrane
thickness ion transport through partition and diffusion, as described before, become
of greater importance.

Solubility-diffusion and electroporation prove to be relative simple models that de-
scribe passive ion permeation very well. Unfortunately, these theoretical tools do not
account for the molecular structure and the inhomogeneity of the membrane. Molecu-
lar dynamics simulations (MD) offer a great potential in this respect, however, are out
of the scope of this work. Lately in our group ion transport across tBLLMs was modeled
using a electrical hybrid network description which combines potential dependent rate
equations with passive electrical elements. Passive permeation of ions was described
by the integrated Nernst-Planck Flux equation. Simulations based on this model were
then performed using the network simulation program SPICE (Simulation Program
with Integrated Circuit Emphasis). The concept of this method will be presented later
in this work.

In the next sections active ion transport will be described taking the proton pump

CcO from the respiratory chain as an example.

1.2.2 The respiratory chain

The main function of the respiratory chain is the conversion of the Gibbs free en-

ergy released during the reduction of oxygen through NADH and FADH, into the

12
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chemical form adenosine triphosphate (ATP). ATP is the universal energy source in
living organisms. Almost all energy consuming processes such as nerve stimuli or
muscle contraction are driven by ATP. The metabolic pathway that consumes energy
released through oxidation of nutrients such as glucose to produce ATP is denoted as
the oxidative phosphorylation, since adenosine phosphate (APD) is phosphorylated
to form ATP using the energy released by the reduction of oxygen to water. This
process of conversion of nutrients under aerobic condition (oxygen as the oxidizing
agent) delivers higher amounts of energy than any other oxidative pathway. Never-
theless, oxidative processes involving oxygen usually generate free radicals which have
a toxic effect to organisms. The nature has developed specialized enzymes in order to
avoid such dangerous intermediate products. Oxygen reduction is catalyzed by these
enzymes in a controlled manner.

The reduction of molecular oxygen to water through NADH and FADH, is a reaction
involving a sequence of electron transfer steps through a chain of membrane proteins,
denoted as the respiratory chain. The respiratory chain in eukaryotic cells is located
within the inner membrane of the mitochondria, whereas in prokryotic cells it is located
within the cytoplasmic membrane.

In the mitochondria the system consists of the electron transfer chain, which is
coupled to proton translocation, and the ATP-synthase. The electron transfer pathway
consist of the integral membrane proteins, complex I to IV. The driving force of the
oxidative phosphorylation, and proton translocation from the matrix to the inter-
membrane space in the mitochondria, is the high electron transfer ability of the energy-
rich NADH compared to that of the molecular oxygen. The chemical reaction consists
of several reaction steps taking place within the proteins in the chain and is described
by

10, +NADH + H* + 10H;, — H,0 + NAD* + 10H} (1.10)

out*
The change in Gibbs free energy of the reaction is

[NAD"][H,0]

AG = AG°+ RT'In
[NADH][H*][O,]

+ RTIn10(pH,y: — pHin) + nFA¢,,  (1.11)
where AG° is the standard change of Gibbs free energy, R the universal gas and

F the Faraday constant. pH;, is the pH in the matrix and pHy, is the pH in the

inter-membrane space. A¢,, is the transmembrane electrical potential. The first two
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terms describe the change in Gibbs free energy due to the chemical reaction. The last
two terms consist of the difference of the chemical potential, as a consequence of the
difference of the concentration of protons between the intermembrane space and the
matrix, and the electrical potential difference across the membrane. The theoretical
value of AG is -220%J/mol.  Under normal conditions the pH of the intermembrane
space is 1.4 lower than that of the matrix. The membrane potential usually has a
value around 0.14 V where the matrix is more negative than the intermembrane space.
Applying these values to the last two terms (1.11) yields a change in Gibbs free energy
for the translocation of one proton across the inner membrane to the inter-membrane
space

Afigry = 21.82Kmol (1.12)

hence the overall change in Afig, during one cycle, where 10 protons are translo-
cated, is 218,21 /mol and very close to -220 kJ/mol released during the chemical reaction.
The energy released by the reduction of molecular oxygen is used to form a pH dif-
ference and a change of membrane potential A¢,, across the inner membrane of the
mitochondrial.

The sequential electron transfer path from NADH to O, is formed by a chain of three
trans-membrane proteins: the complex I NADH-coenzyme Q ozidoreductase (NADH-
CoQ), the complex III cytochrome ¢ oxidoreductase (bci-complex) and the complex
IV cytochrome c ozidase (CcO). Electron transfer from NADH-CoQ to bey-complex is
mediated by the coenzyme ubiquinone (). Ubiquinone also plays a role in the transfer
of electrons from FADH, over complex II to the bei-complex. This reaction is part of
the citric acid cycle and takes course at the membrane complex succinate dehydroge-
nase (SQR). SQR catalyzes the reduction of succinate to fumarate and the electrons
generated from this reaction are transferred sequentially to ubiquinone thereby reduc-
ing it to ubiquinol. The final transfer of electrons in the transport chain is to the
complex IV (CcO). The transfer is mediated by its substrate cytochrome c.

The electron transport through all these complexes is coupled to proton translo-
cation over the inner membrane of the mitochondrion. Consequently, a difference in
pH and electrical potential is formed between either side of the membrane. According
to the Chemiosmotic Theory proposed by Mitchell[84], this two factors determine the
proton-motive force driving the ATP-synthase to produce ATP from ADP and the

anorganic phosphate P;.

15



Chapter 1 Introduction

1.2.3 Cytochrome c oxidase and active proton transport

C-terminus

Figure 1.6: Structure of the two subunit CcO from P. denitrificans with a 6xHis-tag
at the C-terminus of subunit I (blue) [61]. Subunit IT is shown in turgiouse.

As already explained, the CcO is the terminal complex of the electron transport
chain in the mitochondria. CcO catalyzes the reduction of O, to 2H,0O. The work
presented here will focus on the bacterial complex IV, the CcO from paraccocus deni-
trificans |78, 79, 124]. The structure of the protein from prokaryotic organisms is by
far less complex compared to the structure of CcO from the mitochondria. Moreover,
genetic alteration of the proteins from prokaryotic organisms can be easly realized.
Because of the homology between the prokaryotic and the mitochonrial protein com-
plexes and their identical functionality, the results from experiments on membrane
proteins from the bacterial respiratory chain can be directly related to the mitochon-
drial proteins.

The CcO in this work incorporates a 6xHist-tag at the C-terminus of subunit I.
The His-tag was attached through genetic modification. The protein complex consist
of two heme centers, heme ¢ and heme a3, and three copper ions denoted in two
Cu centers, Cup and Cug. The Cuy-domain comprises both the binding site for the
substrate (cytochrome c¢) and the electron entry site of the CcO. The heme a3-Cup
pair is the catalytic site of the complex, i. e. where the reduction of O, to 2H,0 is
taking place. Therefore, during enzyme turn over four electrons from reduced cyt c are

consecutively transferred from Cuy,, over heam a, to the catalytic site of the complex.
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Figure 1.7: Location of the electron acceptor sites in CcO from P. denitrificans relative
to the membrane surfaces.

Electron transfer is coupled to an uptake of four substrate HS and four translocated
protons H from the proton-input (N) to the output side (P). The overall reaction
catalyzed by CcO is

4eytep?

+ 0y + AHT +4HS a0y — deytepZige + Oy + 2H,0 +4H, gy (1.13)

side side

In the R intermediate (Fig. 1.8b) the catalytic site was reduced by the uptake of two
electrons forming the heme a3(Fe; )/Cuy. Protons transfer was linked to this electron
transfer and resulted in two protons already present at the catalytic center and two
protons pumped from N to P side. At this state the complex is able to bind molecular
oxygen. In a recent report [141] it was suggested that O, is bound to Cup site before
the A state is formed when O, binds to the ferrous heme a3. The O-O bond is broken
in a concerted reaction. To break the O-O bond, four electrons and at least one proton
is required. Two of the electrons are donated by the heme a3 iron forming the ferryl
state (Fe;). The source of the additional electron depends on whether heme a is
oxidized, drawn as the dashed route to Py in the circle Fig. 1.8b, or reduced, the path
through Pgr, when oxygen binds to the reduced catalytic site.

The state of the catalytic site formed by the reduction either of the Py or Py
intermediates is denoted as F. The difference between this two intermediates lays only
in the tyrosinate radical formed at the catalytic site in the Py state but not in the Py

state. In both of this branches the transfer of one electron is coupled to the uptake
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Figure 1.8: Pathways of (a) electron and proton transfer in CcO. (b) Model of the
enzymatic cycle of CcO.
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of two protons. One H' is bound to the catalytic center and the other is pumped
from the N to the P-side. Transfer of an additional electron (4th electron) to the
catalytic site is again coupled to the uptake of two protons and the release of one
pumped proton. This process results in the formation of the fully oxidized catalytic
site, denoted as O. The presence of additional reductant allow the transitions O—-E
and E-R and the associated proton uptake/pumping. Afterwards the enzyme returns
to the fully reduced state.

The very details of the proton transfer pathway in CcO are still matter of current
research. However, it was Wikstreem who proposed the first model for the catalytic
cycle of CcO [139] in 1989 and which was challenged by Michel [83] ten years later.
Wikstreem and Verkhovsky finally presented a new model for proton translocation in
CcO from P. denitrificans [14, 140].

Two pathways exists within the CcO complex in order to direct protons from the
N-side to the catalytic center. The same routes are utilized for proton pumping. The
pathways are denoted as the D-channel and the K-channel. The D-channel contains
water molecules providing a continuous sequence of hydrogen bonds facilitating proton
diffusion by the Grotthus principle [88]. The K-channel provides two chemical protons
for the reduction reaction at the catalytic site, whereas the D-channel provides both,
the remaining two chemical protons and all four pumped protons per enzyme cycle.
In this mechanism protons are transferred along the pathway from one hydrogen bond
donor to the next hydrogen bond acceptor until they reach the next site within the
channel. In contrast to what is expected, the K and the D-channel do not adopt
the anticipated roles regarding the separation between pumped and chemical protons
[62]. Though this is true for some part of the channel track, there seems to be a
branching point at the glutamic acid Glu286. This site functions as a ’track switch’.
Water molecules in the pathway from Glu286 to the pump proton acceptor and to
the catalytic site determine in an alternating manner, which one of the pathways is
opened and which is closed [112, 140, 143].

An additional channel denoted as the H-channel was suggested for the mammalian
CcO [87, 119]. In this postulation, the H-channel is the transfer route for the pumped
protons and the K and D-channels are providing the chemical protons. However, the
H-channel is probably not important in the prokaryotic cell and there are speculations
that the proton pumping pathways could be different for mitochondrial and bacterial
CcO [132].
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1.2.4 The membrane potential

H* pump
1/3
heam a3
- Cug
2/3 heam a
H* substrate

Figure 1.9: The dielectric depth of the redox sites in CcO. The vectorial charge trans-
port is indicated as red (e-transfer) and blue (proton transfer) arrows.
Only the component perpendicular to the membrane surface has an effect
on Ag,,.

The catalytic reaction in CcO described so far is highly exorgenic. The energy
released during reduction of oxygen is conserved by the enzyme in the form of a elec-
trochemical difference (Apg,). Apg, comprises a chemical component ApH, differ-
ence of proton concentration across the membrane, and a electrical component Ag,,,
the transmembrane electrical potential difference (membrane potential). As already
explained, this conserved energy is used by ATP-synthase to generate ATP. ApH ac-
cumulates when CcO operates in the continuous turnover regime. In the transient
regime, when a single CcO turnover is measured, Ap g, is dominated by its electrical
component Ag,,.

The generation of Ag,, is driven by two mechanisms: the vectorial charge transport
determined by the spatial distribution of the electron acceptor groups within the en-
zymes dielectric. The second mechanism is proton pumping. Generally, the maximum
change of A¢,, depends on the dielectrically weighted distance that a charge travels
perpendicular to the membrane plane and to the number of the net charges trans-
ferred. Based on the catalytic model described before (Fig. 1.8b), the stoichiometry

of the electrogenic charge transfer in CcO can be summarized in a system of linear
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differential equations (ODE) [10] of A¢,, accumulated in the three main reactions
steps from fully reduced to fully oxidized state with the associated rate constants

charge transfer
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Figure 1.10: Scheme of the electrogenic charge transfer in CcO. The electron transfer
is indicated with red arrows and the reduced site are red colored. Blue

arrows are proton transfers. Each steps causes a change of membrane
potential[8].

A(b}n = Ql C ]{Zl l’l(t) — (]{ZQ + k4)A¢;n
AG2 = Qs Ckymo(t) + ko AdL — (ks + ks) A2, (1.14)
AGS, = Qs Chsas(t) + ks AdZ, - kA,

This system of ODEs can be solved directly to give the time course of the transmem-

brane potential during a single enzyme turnover
3 .
Adu(t) = Y AL (1). (1.15)
j=1

The parameters: Q; are the equivalent dielectrically-weighted charges within a single
CcO and C is the conversion factor used to translate Q; into a voltage. k; are the
apparent rate constants (Fig. 1.11) and x; the reduced concentration of R, O, E states
(Fig. 1.11). The transition from the fully reduced state to the fully oxidized R->0 is

described by a single-exponential with k; as the apparent rate constant of the reaction
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Figure 1.11: Formation and dissipation of the membrane potential shown within the
kinetic scheme for the transition between the catalytic states in a single
turnover of CcO. The variables are described in the text [10].

Investigation of A¢,,(t) in the transient regime yields detailed information about

the electron transfer process in CcO.

1.3 Aim of this Work

As described in the previous section, the self-generated membrane potential A¢,,
across the membrane is closely associated to the catalytic cycle of CcO. The mem-
brane potential in a ptBLM can be measured by fluorescence spectroscopy. In order
to deduce quantitative results from such investigations one has to perform calibra-
tion measurements using defined electrical potentials applied to the model membrane
system. The aim of the work presented here was to perform such calibration measure-
ments by fluorescence spectroscopy using a ptBLM with CcO. However, fluorescence
techniques can not be applied on metal supports, utilized so far for the ptBLM. Strong
quenching of emission light occurs if the fluorescent probe is located close (2-3nm) to

the metal surface, which is the case in the ptBLM configuration.
Consequently, the ptBLM model system has to be developed on transparent con-

ducting substrates such as indium tin oxide (ITO). ITO enables simultaneous imple-

mentation of electrochemical and fluorescence spectroscopic techniques. The primary
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aim of this work was to develop the ptBLM system on ITO using cytochrome ¢ oxi-
dase. Once the model system was established, the membrane potential Ag,,, induced

by applied external voltage could be measured.

The use of ITO as a support for the ptBLM also enables the application of other
optical methods, e.g. optical waveguide spectroscopy (OWS). Using OWS, more in-
formation about the ptBLM can be derived, which would not be accessible by the
techniques (SEIRAS/SERRS) applied so far on metal supports. For example, another
aim of this work was to investigate the arrangement of the ptBLM on the electrode
surface by multimode OWS, thereby also extending scope of interesting methods that
can be applied to the ptBLM system on ITO.

One of the two strategies adopted during this work for the formation of a ptBLM

on a transparent electrode was the development of a polymer support.

The idea of using macromolecules as a ’cushion’ to mimic the cytosol/cytoskeleton
of the cell to create a extended hydrophilic space between membrane and solid sup-
port was first introduced by Ringsdorf and Sackmann|[66, 120]. Since then polymer-
supported lipid membranes have been widely used, as documented in several major re-
view articles[120, 127]. However, they were mostly applied as a model system of the cell
surface rather than a model system for ion transport through proteins. The restricted
applicability of such systems is due to the fact that many of these polymer-supported
BLMs, as opposed to the oligo-supported tBLMs, do not fulfil the requirement known
from patch clamp techniques, the giga-seal, to separate the signal of the receptor from
the leak current of the membrane. Highly insulating polymer-supported membranes
have been prepared, though in rare cases, a very smooth surface of the hydrophilic poly-
mer could be achieved[47, 82]. Alternatively, specifically designed lipopolymers were
employed, which were pre-oriented by the Langmuir-Blodgett technique[89, 95, 106].
However, the polymer-supported membrane having good electrical sealing properties

remains a challenge.
A new approach in this direction is the use of a polymer layer as a substrate for

the ptBLM developed previously on the basis of short linker molecules. Briefly, this

approach employs the protein immobilized on the substrate as a scaffold for the mem-
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brane reconstituted around the protein. Consequently, the new methodology begins
with immobilizing the protein specifically onto the top layer of the polymer. This
can be achieved by using a hydrogel as the polymer layer with mesh sizes smaller
than the size of the protein. The gel is provided with a binding motif such as a
NTA functionality chelated with Ni* ions designed to bind the protein via the his-tag
technology. Since the protein is too big to penetrate the gel, it stays on the surface.
The lipid bilayer is then assembled around the protein. Electron and ion transport
processes through the CcO have been observed in previous studies|35]. In the present
study a hydrogel consisting of poly(N-(2-hydroxyethyl)acrylamide-co-5-acrylamido-1-
carboxypentyl-iminodiacetate-co-4-benzoylphenyl methacrylate)

(P(HEAAm-co-NTAAAm-co-MABP)) was prepared by polymer analogous reactions
that offers a NTA moiety to bind the CcO. Optically transparent ITO layers were used

as conducting substrates, different from previous studies using metal films.
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Chapter 2

Theoretical Principles of the

Experimental Methods

The following chapter is intended to present the theory underlying the experimental
techniques that have been used for the characterization of the model membrane system
at different steps of sample preparation. The fluorescence technique used to measure

the membrane potential is described in chapter 4.

2.1 Electrochemistry

Electrochemical measurements are used to investigate the electrical properties of model
membrane systems on planar solid supports like gold, silver or transparent conducting
materials. Quantitative measurements regarding the conductivity or the capacitance
of the membrane system can be performed. Such techniques also allow for the detailed
investigation of electron transfer process occurring at the electrode-solution interface.
During this work two methods were applied out of numerous electrochemical tech-
niques.

Electrochemical impedance spectroscopy (EIS) was used to characterise the elec-
trical properties of membrane systems, particularly the protein-tethered bilayer lipid
membrane on ITO. Impedance and capacitance of the membrane layer after each
preparation step were determined by EIS. The values were used as a control of the
efficiency of each preparation step.

Electron transfer between the electrode and a surface bound redox protein were

investigated by cyclic voltammetry (CV). CV is an easy and fast, qualitative or semi-
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quantitative method for the diagnosis of faradayic processes at the electrode surface.
For example, by analyzing peak currents and peak position as a function of the scan
rate electrochemical properties of redox species at the electrode surface can be evalu-
ated.

2.1.1 The Ideally Polarizable Electrode (IPE) and the electrical

double layer

Electrodes where no electron transfer can occur at the metal-solution interface are
denoted as ideal Polarizable electrodes, IPEs. In reality every electrode allows charge
transfer at the interface at certain potential ranges. For example, a mercury electrode

in contact with a KCI solution undergoes transfer reactions at 0.25V.
Hg"Cl =, ,Hg,Clye

However, e.g. gold in a electrolyte solution behaves like an IPE within a certain
potential range. Since charges cannot be transferred across the interface an electrical
double layer is formed at its surface.

The double layer is divided into three regions extending from the electrode surface
to the bulk solution (Fig. 2.1). The first layer close to the surface, the inner Helmholtz
plane (IHP), is formed due free charges accumulating at the electrode surface. As a
consequence, a thin layer of charge compensating ions from the solution adsorb to the
surface. The THP is the closest distance Iigp from the surface, to which the charge
compensating ions approach. Excess charge in the THP are compensated by counter
ions from the solution phase, thereby forming the outer Helmholtz plane (OHP).

The Gouy-Chapman double layer, or diffuse double layer, is present if there are
not sufficient ions in the outer Helmholtz plane to compensate the surface charge. In
concentrated electrolytes the Gouy-Chapman layer is very thin and can usually be

neglected.

2.1.2 Electrochemical Impedance Spectroscopy (EIS)

In recent years, EIS gained growing importance in the fields of biophysics and bio-

sensor technologies. In order to explore the potential application of EIS as a transducer
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Figure 2.1: The electrochemical double layer formed at the electrode surface. The
Helmholtz layer consisting of the inner Helmholtz plane (IHP), outer
Helmholtz layer (OHP). The diffusive layer is usually neglected.

principle in bio-sensing devices, efforts were undertaken to develop appropriate sys-
tems. Most of these systems are composed of functional proteins (e. g. ion channels)
as actual sensing elements in a lipid bilayer, that is supported by an electrode or a
field-effect transistor.

A typical EIS experiment can be described as follows: The measurement is accom-
panied 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 fundamentals of EIS and the equivalent circuits are first
described.

The impedance Z is the extension of the concept of classical electrical resistance
in direct currents (DC) to the case of alternating currents (AC). Additionally to the
'resistance’ of the circuit, Z also contains the phase shift © of the AC current relative
to the AC voltage applied to the system. The phase shift is caused by capacitive

or inductive circuit elements. In EIS, a sinusodial voltage with the amplitude Eg
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Figure 2.2: The electrical impedance presented in a polar plot (a) showing real and
imaginary part of Z as well as the phase shift ©. (b) Example of the
sinusodial potential E(t) applied and the current response I(t). The phase
shift is -45°.

(Fig. 2.2)

E,(t) = Egsinwt (2.1)
is applied to the electrode using small amplitudes (10-25 mV) in order to avoid nonlin-
earities in the current response of the sample/electrode system measured at sequential

frequencies w
L,(t) = Iysin(wt + ©) (2.2)

The data is than analyzed in terms of Z, which is defined as

Eu(t)
L(t)

Z(w) = 22 = 7(w) exp 10(w) = Z(w) +Z(w)" (2.3)
The representation of impedance data differs throughout literature. The experimental
focus and the system under investigation determine the most instructive representa-
tion. Two out of a variety of representations will be shown here in a brief summary,
in order to visualise the different characteristics. The aim of graphical data represen-
tation is firstly, to illustrate distinct features of the system under study and secondly,
to visualise changes in these features.

In the Bode plot (Fig. 2.4) the magnitude |Z| of the impedance (logarithmic scale)
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and phase shift © of the current are plotted versus the frequency w (logarithmic scale).

|Z(w)]
O(w)

VZ'(w)2 + Z"(w)? (2.4)
arctan Z"(w)/Z'(w) (2.5)

The frequency normalized Admittance plot presents the imaginary part of the Admit-

tance against the real part, where each is normalized to w.
1
Y(w)/w = — = Y (w)/w+ )Y (w)]w (2.6)
w

For the analysis of EIS data equivalent circuit models are used in order to fit the
data. From such fitting procedures one can derive the parameters of the circuit ele-
ments and, hence, the electrical parameters of the measured sample itself. The circuit
elements used here are a ohmic resistor R, a capacitor C and a constant phase element
(CPE). For a resistor the impedance is independent from frequency and equal to R,

7Z—R. The capacitive impedance is frequency dependent and is defined as

J

Lo=——.
RS

(2.7)

A CPE is used if the capacitive element of the system cannot be described by a normal
capacitor. For example, surface inhomogeneities on the electrode in the microscopic

scale will cause a distribution of capacitance of which the impedance can be model by

a CPE as )

Zerr= (e (2.8)

where « is the parameter between 0 and 1 representing the deviation from a normal
capacitive behavior and Q a frequency independent real constant. At o =1 the CPE
becomes a normal capacitor and Q=C. In our measurements the value of a usually
was between around 0.96.

The total impedance, e.g. from the circuit introduced in Fig. 2.3 can be calculated
by using equations 2.7 to 2.8 For elements in series the total impedance of an equivalent

circuit is the sum of the individual impedance’s and for elements in parallel the smallest,
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electrode - solution dielectric adlayer

A) B)

Figure 2.3: Equivalent circuits for the analysis of EIS data. (a) A bare electrode
surface in contact with a electrolyte solution with resistance R forms a
double layer capacitance Cyq;. (b) A dielectric coating on the surface can be
modeled by a RC circuit. The circuit capacitance is in general dominated
by the coating capacitance Cs. In the low frequency range Ci, e.g. can
be attributed to the spacer region (for tBLMs) or the depletion region for
semi-conductor electrodes.
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impedance determines Z.

Zseries(w) = ZZZ(W) (29)

1
Zparallel(w) = Z Z(w)

(2.10)

The circuit elements are selected according to the physical model implied. The
mathematical equation represented by the model circuit is fitted to the data in Fig. 2.4.
In the case of an IPE in contact with a solution where no electron transfer occurs at
the electrode-solution interface, the EIS spectra can be described by Fig. 2.3a.

The capacitance Cq is attributed to the Helmholtz double layer formed at the
interface. According to eq. (2.9) the smallest capacitance in a series of capacitors
determines Z. For semi conductors (see next section) where the capacitance of the
depletion region Cs., or space charge region, can be several orders of magnitude less
than the double layer capacitance, Cq; is substituted by Cg.. Rg is the electrolyte
resistance.

If the electrode is covered by a dielectric layer permeable to ions the system can be
described by a so-called RC circuit Fig. 2.3b, which is the most common circuit used
to model dielectric layers like BLMs on planar electrodes. The resistor Rg is in series
to a RC element (resistor R and capacitor C in parallel). The overall impedance of

this circuit can be written as

1
Zre = R+ (JwC + E)*l + (wCye)™ (2.11)

For better understanding of the mathematical fitting of the curves, a brief introduc-
tion based on the RC model is given in the following, on how to extract preliminary
values from the Bode and Admittance plot. In Fig. 2.4 a typical data set for an RC
equivalent circuit is presented. Phase and impedance are overlaid to allow easier inter-
pretation and distinction of the dominating effects in the Bode plot. The impedance
shows one region with a positive slope in the frequency range 0.03 Hz to 4 kHz. These
regions are accompanied by a phase shift of -90°, which shows that the impedance in
these frequency range is purely capacitive. In these region, the current is dominated
by resistive effects, and by extrapolating through the flat region, a preliminary value

for the impedance of the dielectric + electrolyte can be obtained. For resistors in
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Figure 2.4: Electrochemical impedance spectra presented in the (a) Bode and (b) Ad-
mittance plot. The data was simulated using the model in Fig. 2.3b:
C=0.58F/cm?2, R=5MQ-cm? and [g][el]=1002-cm?. The Helmholtz dou-
ble layer capacitance was set to 50 8F/ecm2. The spectra of an RC equivalent
circuit can be divided into three distinct sections I, IT and III (see text).

the circuit, 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 re-
sistance is usually the electrolyte resistance Rg. So the Bode representation gives a
direct measure of the resistors under study, but no direct value for the capacitors can
be inferred.

Therefore, the Admittance plot Fig. 2.4b 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. In the Admittance plot of Fig. 7?7 two semi circles are shown, each
representing a capacitor. The intersection point at the imaginary axis yields a value
for each capacitance of the system. In this case, where the data in Fig. 2.4 were
simulated using the RC in Fig. 7?7, the lower capacitance is attributed to C; and the
higher to Cs.

If two capacitors are present in the equivalent circuit a second slope occurs (Fig. 2.5)
in the Bode plot. Two spectra are drawn in Fig. 2.5, corresponding to an example of
data for the formation of a tBLM. This time the circuit elements are assigned to the
electrical properties of the BLM: R,, membrane resistance, C,, membrane capacitance
and Cg, the capacitance of the spacer region formed by the tethering moities below

the membrane. The capacitance of the spacer region dominates over Cg. From the
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Figure 2.5: Examples of EIS spectra presented in the Bode (a) and Admittance plot
(b). The spectra were simulated using literature values for a tBLM forma-
tion on a planar electrode.

position in the Bode plot it is possible to tell that the low frequency capacitance Cq,
has a higher value than C,, showing up in the higher frequency domain. Additionally,
the impedance shows a flat area with low phase angle in the high frequency domain
around 0.1 Hz. Here, the example shows a 10 fold higher resistance for the bilayer
compared to the spacer region.

In the Admittance plot, the first (spacer region) and last (bilayer) data set are
presented, each showing two semi-circles. The first semi- circle is intersecting the
y-axis at 1puF for the the spacer region, the second at 0.25pF for the bilayer (inset
in Fig. 2.5b). Thus, this values can be directly assigned to the spacer region and
bilayer respectively. 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 spacer region, as it intersects at the same value attributed to Cg.. In this special
case, the values obtained from the plots Fig. 2.5 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 likewise.

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 capaci-
tors that can mimic effects of 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.
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As many minor processes contribute to the systems response that can not be dis-
criminated 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 com-
posed 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.

2.1.3 Cyclic voltammetry

Cyclic voltammetry (CV) is a electrochemical method for the analysis of surface bound
or freely diffusing redox species. It enables fast quantitative analysis of electrode
processes. From CV measurements one can provide insight into the thermodynamics
and kinetics of redox processes. The redox peaks in the CV curves usually appear at
very well defined potentials which can readily be evaluated to give detailed information
about the properties of redox systems.

In a CV experiment a linearly changing potential is applied to the working electrode.
The direction of the linear scan is switched to the negative slope at a certain time
or a defined switching potential E;. A complete CV sweep is accomplished when
the starting potential has been reached after a second switching at E5. The current
flowing through the system is recorded during the potential scan. A typical CV scan
is presented in Fig. 2.6.

The current measured during the CV scan originates from Faradayic and Non-

Faradayic processes.

Non-Faradayic currents result form the reorganization of ions at the electrode-
solution interface and are also denoted as capacitive currents Io. If the potential
waveform is described by a triangular shape F = Fq¢ £ Vseant Where vy, is the scan

rate and Fg,p¢ the starting potential, then the current can be written as
Ic = Egart/Re-exp—t-C|/R.+v-C(1-exp-t-C/Rg) (2.12)

and R, is the electrolyte resistance. The difference in I between backward and forward

sweep is I = 2vC.
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Oxidation,
R-e—0

: : H > E
E2 EC E(] EA El

Figure 2.6: A typical cyclic voltammogram showing a fully reversible electron transfer
process: E¢ cathodic and E, anodic peak potential. E;, E; switching po-
tentials, E° redox potential. The applied potential in CV has a triangular
waveform (inset). Picture from [57].

Faradayic currents originate from heterogeneous electron transfer at the electrode-
solution interface
O+e- =R (2.13)

The form of the CV scan is thereby determined by the mass transport to and from the
electrode and the heterogeneous electron transfer at the electrode itself. The later is
described by the fundamental equation from the electrochemical kinetics theory, the

Butler-Volmer equation

§4(0,1) = co(0,t)k° exp{-anF |RT(E-E°)} -cr(0,t)k" exp{-(1-a)nF/RT(E-E")}

(2.14)
the parameters are; k? standard rate constant, o transfer coefficient, E® formal po-
tential and Cg(0,t),Co(0,t) the concentration of reduced and oxidized species at the
electrode-solution interface respectively. Cgr(0,t),Co(0,t) are different than Cg,Cq in
the bulk solution leading to a diffusion controlled mass transport which is described

by Ficks law of diffusion, which in turn causes a current

ICRro
ox

Ja(0,t) = =Dro( )a=0 (2.15)

If the heterogeneous electron transfer is fast in terms of k% (>0.1 cm/s), an equilib-

rium is reached at the phase boundary and the process is denoted as reversible electron
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transfer, eq. (2.14) simplifies then to the Nernst equation
E=E"+——1ln22 (2.16)

and the surface concentrations Cg(0,t),Co(0,t) dependent only on the applied potential
E. The position of the redox peaks become independent from the scan rate and the

peak separation is constant AE = |E, - Eg| = 2mV.

n

2.2 Ellipsometry

Ellipsometry is based on the detection of the change of the polarization state of light
reflected from a surface. This technique is well-known for the measurement of the
optical constants and the thickness of thin films on various substrate materials like Si,
Ge, GaAs, or metallic and polymeric layers. By theory, the sensitivity of ellipsometric
techniques can go down to angstreems. Therefore it is often applied in-situ in the field
of material science of soft matters, e.g. to study monolayers of biological complexes
or the characterization of surface functionalization methods.

Though the whole potential was not utilized throughout the experiments, ellip-
sometry was employed in order to measure thickness and the refractive index of thin
functional layers on a transparent substrate. Moreover, protein immobilization was
followed by kinetic ellipsometry. A brief introduction into the fundamentals of ellip-

sometry measurements and the optical modelling of the data are given here.

Polarized Light in Ellipsometry. The temporal and spatial evolution of an elec-
tromagnetic wave is described mathematically by the wave equation derived from the
Maxwell equations. According to the standard physics convention a useful solution is
presented by an orthogonal set of monochromatic plane waves propagating along the
7-axis

E(t) = Re{(gz)expj(kzz—wt)} (2.17)

Y

with the dispersion relation k. = 2/e. The plane waves solution can be rewritten
into a more convenient form by choosing the z=0 base of the coordinate system to

describe the polarization state of the light (Fig. 2.7). For elliptic polarized light eq.
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s z=0 plane

Figure 2.7: Polarization ellipse described by the ellipsometric parameters A and W.
The propagation of the light is in z-direction.

2.17 becomes than
. XeiA
E(t) = Re _ —jJwt . (2.18)

Two parameters are introduced here in order to describe the ellipsometric data: if
the ps-coordinate system is chosen, i.e. p-axisis parallel and the s-axis is perpendicular
to the incident plane (Fig. 2.8), than ¥ becomes the ratio of the absolute amplitudes
X and Y which can be defined in the usual way by

elliptic polarized

plane of incidence

Figure 2.8: Schematics of the p-s-coordinate system and the polarization plane of el-
liptic polarized light reflected from a surface.
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X
tan ¥ = —. 2.19
an v ( )

The parameter A describes the phase difference between the x and the y-oscillations
of the electric field. When the light is reflected from the sample at an incident angle
0 the polarization state described by these parameters is changed. In the experiment
A and ¥ have to be related to the material constants of the sample, which can be

readily done for isotropic materials by the ellipsometric parameter p

p= %Z = tan Uel2. (2.20)
R, and R are the Fresnel reflection coefficients for the p and s-polarization respec-
tively. The aim of an ellipsometry measurement is to determine the change of A
and ¥ upon reflection from the sample surface. The reflection coefficients are derived
through the Transfer Matrix Method. For the general case, given by a stack of thin
films on a substrate in ambient air, the reflection coefficients can be derived from the

matrix multiplication (Fig. 2.9)
N N
M, = Xs,air (H Tj,s) Xs,sub) Mp = Xp,air (H Tj,p) Xp,sub (2-21)
j=1 j=1

where Xuir, Xsup are characteristic matrices in p and s for the ambient and the

=1 =2 j=N

%)

Xair ambient

11

R

Xsup Substrate

p

Figure 2.9: Schematics of a light beam reflected from a stack of N layers. The transfer
matrix relates reflected field amplitude from one layer to the field ampli-
tude in adjacent layers.

substrate[l, pp.247]. The products in the braces describe the alteration of the re-
flected and transmitted light beam at each interface of the layer stack and Tjg, Tjg

are the corresponding Transfer Matrices in p and s-polarization according to the Abelés
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method

cosb; P
1 -)—2b; 1 —2-b,
Tis=| & PR 1, = Jeost, (2.22)
J b 1 Jn; cos 0;b; 1

cos 6 J

The parameters are as following: b; = 2%‘%)- cos f; is the phase factor, 6; is the incident

angle at the jth interface, n; = n; — jx; the complex refractive index of the jth layer.
The relation 2.22 is only valid for very thin films, d <« A, i.e. the film thickness d is
smaller than the wavelength A of the incident light, The reflection coefficients in 2.20

than can be calculated from the matrices in 2.21 through their matrix elements

Ry = 22, (2.23)

Using an appropriate layer model refractive index and film thickness can be derived
employing one of the various nonlinear fitting methods, e.g. the Levenberg-Marquardt
algorithm. Most of the automatic ellipsometry systems commercially available today
offer a built in data analysis framework, where the layer model is fitted to the raw
data (A, W) on the basis of (n,d) of the layer investigated.

PCSA Ellipsometer. Different ellipsometer setups exist in order to investigate thin
layers on various substrates. Here, the polarizer-rotating compensator-sample-analyzer

configuration (PCSA) will be described. The same configuration was also used during

this work.
sample
/\ analyzer
. B¢ S
(Ed detector
/_
ePoT "]
/ compensator
polarizer

Figure 2.10: The polarizer-rotating compensator-sample-analyzer configuration of an
ellipsometer.

In the PCSA scheme the light beam goes through the polarizer P in first place
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(Fig. 2.10). Note that the transmittance of the polarizer to unpolarized or elliptical
polarized light is independent of the azimuth 6p,, of the polarizer. The wave reaches
the compensator with a defined polarization state expressed in the complex amplitude
Ep. The azimuth of the compensator is #-. The wave incident on the compensator
is than a superposition of the components along the fast Ep,; cos(0p, — 0c) and the
slow axes Fpysin(fp, — 0c) of the compensator (Fig. 2.10) so that the transmitted

amplitude becomes
Efast = Epoicos(0po — 0c), Eiow = Eporsin(@po — 0c) (2.24)

and tese, tsow are the complex transmission coefficients of the compensator along
the fast and the slow axis respectively. In order to describe the wave reflected from
the surface, it is convenient to apply a transformation from the fast-slow axis of the
compensator to the ps-coordinates of the incident plane. Using 2.24 the amplitudes

E,,, E; of the reflected wave than can be written as

ps
E,, _ R, co's Oc  sinfc \ [ Efast - (2.25)
E.. R, ) \-sinfc cosblc |\ Egow
After passing the analyzer the field amplitude at the detector is determined by the
field amplitude E, along the direction of the azimuth 64 of the analyzer

Ey T\ ([cosOs —sinfa)[E:,
0 0/)\sinfy4 cosf4 E,,

Ey = E,,cos04+E,;sinf, (2.26)

where T is the complex transmittance of the analyzer and usually close to 1, which
leads to 2.26. The intensity detected is proportional to |FE4|?.

The so-called 'Null Ellipsometry’ allows a fairly simple determination of the ellip-
sometric parameters (A, W) using the PCSA configuration. The term 'Null’ ref errs
to the aim to extinguish the light at the detector by finding the right settings of po-

larizer, compensator and analyzer, thus setting EA=0 in eq. 2.26. Using eq. 2.20 and
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2.24-2.26 one than obtains

_ Tetan(0p,, - 0) +tan b,
 tan(f,, - 04) tan 0y, - 1

an 6’ (2.27)

where 7¢ = % = tan WpelAc is the transmission coefficient ratio for the compensator
defined similarly to the reflection coefficient ratio of the sample in eq. 2.20. The
azimuths 0}, ,,0¢,,0', are the particular settings of the components where Ex—0. A
very simple scheme can be employed if a quarter wave is utilized as a compensator.
In this case, where 7, = 7, the compensator is set to a constant azimuth 6o = 7/4 and
the equations are further simplified. The E,—0 condition yields two sets of solutions
0},,,0% and 0% ,,0% which are related to each other by 6% , = £0}, , and 6% = -0',. The
ellipsometric parameters can be derived from this solutions using eq. 2.27 and 2.20

U=60,,  A=20L +7/2. (2.28)

In automatic ellipsometry setups the software tends to find the intensity minima
at the detector by varying the azimuth of polarizer and analyzer. This procedure is
performed at an compensator azimuth set to 7/4 and is repeated with the compensator
at —m/4. The measured (A, V) pairs are fitted using the equations 2.23 for R;,Rs.

2.3 Optical Waveguide Spectroscopy

Planar integrated optical waveguides have been widely used in a variety of experimen-
tal configurations for optical characterization of organic thin films. OWS is similar
to surface plasmon resonance spectroscopy, which is another label-free technique that
has been widely used for measuring optical parameters of thin films on noble metal
surfaces. SPR as well as OWS have been employed extensively for studies of model
bio-interfaces, e.g. monitoring binding of protein complexes to functionalized surfaces.
In terms of instrumental design, both methods are identical and essentially practiced

in two distinct modes:

1. angular mode: a thin dielectric layer on on the surface changes the boundary
conditions of the propagating mode at the metal /dielectric interface and, hence
the angle at which the optical modes are excited (resonance angle). This shift

of the resonant angle can be detected by varying the angle of incidence of a
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monochromatic light beam to the sample and detecting the intensity of the
reflected light. This is also the mode used during this work employing the

Kretschmann configuration (see below).

2. spectral mode: the resonant wavelength at which the optical modes are excited

is monitored using a polychromatic light source incident at a fixed angle.

One eminent advantage of OWS compared to SPR is that, depending on the design
of the waveguide, multiple optical modes denoted as TM,, (p polarized) and TE,, (s
polarized) can be excited. Consequently, more than one optical parameter of the thin
film layer can be determined from one experiment. For example, if the layer has an

anisotropic index OWS allows the probing of different components of the dielectric

ladding, n,
X ore, ny
z
ubstrate, ng
y

Figure 2.11: Slab optical waveguide.

tensor.

The propagation constants of the guided modes can be derived from wave optics.
The derivation of the dispersion equation only for the TE modes will be described,
since the approach for TM modes is analog. The plane-wave solution of the Maxwell
equations for wave propagation in a planar waveguide is used. The slab optical waveg-
uide is depicted in Fig. 2.11. Considering y-symmetry of the equations, aEy/ay =0,
c'ﬂfly/c‘?y =0, the TE mode propagating in the slab then satisfies the following equations

including the wave equation

NEYD)
W;j +(k*n*-B*)E, =0 (2.29)
H,--—p, (2.30)
WHo
1 dE
H,=)—— 2.31
o (2.31)
E.=E,=H,=0. (2.32)
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with k,w,ug and n as the usual parameters. § and x are the propagation constants in

z and x-direction respectively. They are expressed by

kng cos 6 (2.33)
kngsiné (2.34)

g

where ng is the refractive index of the core and 6 the inclination angle of the propa-

4

X

Figure 2.12: Refractive index profile across the slab in the x-direction.

gating wave. For a uniform refractive index profile in the core of the slab waveguide
(Fig. 2.12), as well as the cladding and substrate, one gets solutions of the wave

equation (2.29) in the three dielectrica of the slab

Acos(-ka —0)e=?==9) g > a, cladding
E, = Acos(-kx —0) -a<z<a, core (2.35)

Acos(-ka +0)e¢(=*0) x> q, substrate

d=2a is defined as the thickness of the waveguide. As can be seen from E; for the
substrate and the cladding, the fields outside the core should be exponentially decaying
within the cladding and the substrate in order to confine most of the light energy in
the core. k, o and £ are the wave numbers along the x-axis of the cladding, core and

substrate respectively

N e (2.36)

o = \/B*-kn3 (2.37)

VA2 - kn? (2.38)
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If exponentially decaying fields outside the core are required, then 5 and k need to be

real, consequently the solution should satisfy following condition

B

ng < E <Ne (239)

where (/k is a dimensionless value relating the wave velocity in a vacuum to that in
the waveguide, hence, playing the role of a refractive index. In literature it is often
denoted as the effective refractive index Neg=fF/k. Neg will also be the parameter
measured during some experiments in this work.

Finally, the continuity condition for E, and H, leads to the eigenvalue equations

1 1
u:%+§tan*1(%)+§tan’l(%) (2.40)
mm 1 w 1 v
f=—+=tan'(—) - =tan"'(— 2.41
5 T tan (u) 5 tan (u) (2.41)

where new wave numbers are introduced: u=«a, w=E&a and v=ca. Solving the eigen-
value problem gives # and with it the propagation constant [, which in turn yields
Neg. Graphical or numerical methods can be employed in order to solve (2.40) which
will not be discussed here. More importantly, the value of Neg changes significantly if
a thin ad-layer is adsorbed in the cladding region of a slab, or in generally speaking,
if the optical constants in the cladding are changed. In this respect, OWS is a very
sensitive method for the investigation of thin ad-layer on the waveguide. In the follow-
ing it will be explained, how the change of Nqg can be detected using the Kretschman

configuration for the OWS measurements.

Kretschmann Configuration In order to be able to excite waveguide modes one
has to realize the resonant condition where exciting light and waveguide mode are in
phase. In general, this can also be described as following: for efficiently coupling a
light wave from one medium to another two conditions have to be met. First, the
wave velocities in the two media must be the same and, second, the length along the
coupled boundary must be adjusted according to the strength of the coupling. One
way to meet the first criterion, the phase-matching, is to use a prism as illustrated in
Fig. 2.13a. The second condition can be met easily by adjusting the prism base on
the waveguide. The z-component k, of the wave vector l?;ph of the incident wave at the

prism base will be k, = k,,n,sin¢ with n, as the refractive index of the prism and ¢
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the angle of incidence at the prism-waveguide boundary. The z-component of the mth
waveguide mode has been denoted as the propagation constant (,, before. This two

wave numbers have to match in order to satisfy the first condition, leading to
Bm = kny sin ¢y, (2.42)

and therefore to Ny, .s. For ¢ above the critical angle, an evanescent field with an
exponential decay into the direction of the waveguide exist at the prism base. Upon
phase-matching, light energy from the incident wave is continuously fed into the waveg-
uide. The intensity of the light reflected from the prism base will decrease. If ¢ is
adjusted continuously while measuring the reflectance from the prism base the curve
will show several sharp minima, which can be assigned to the excited waveguide modes
(Fig. 2.13b). The angles ¢,, at the minima are the resonance angle for the mth mode.
¢, will shift if the optical constants of the layer adjacent to the waveguide change.
As already mentioned, this shift allows the determination of the optical constant and
thickness of the ad-layer investigated. Therefore, the reflectance data are fitted on the
basis of a multi-layer model. In the experiments presented here, the Fresnel equations

were used for fitting in order to derive Ny, o¢ for a ptBLM on an ITO waveguide. A

1.0
0.8 —

0.6 —
—TE TEO
—_—TM

. refractive index

Reflactance

0.4

TE1

™2 TM1

0.0 T T T T T
0 20 40 60 80 100 120

@/ deg

(a) (b)

Figure 2.13: The Kretschmann configuration for the excitation of optical waveguide
modes through a thin gold layer.

thin gold layer was introduced between the base of the prism and the waveguide layer.

The metal layer was thin enough (40nm) in order to avoid the complete damping of
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the evanescent field at the prism base. Two purposes were served by the metal film

1. coupling of the harmonic wave through the metal film to the waveguide modes.
A neat description of this phenomena can be served by quantum mechanics.
The solution of the Schrodinger equation is the same as the solution presented
above. It describes an evanescent wave at the prism base and an oscillating
wave between prism and waveguide (leaky-mode)[122, 129]|. The gold layer can
be treated as a potential wall of finite height and width. This gives rise to the
reflection by anti-tunneling and the coupling into and out of the waveguide by
tunneling. The coupling efficiency (depth of the minima in the reflectance data)
depends than on the width of the potential wall, or in other words the thickness

of the gold layer.

2. the waveguide core is sandwiched by two layers of lower refractive index. This

satisfies (2.39) for a bound optical mode in the waveguide core.
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Development of a Membrane
Model System on Transparent
Substrates

The self-generated potential difference A¢,, across the membrane is closely associated
to the catalytic cycle of CcO. Ag¢,, generated by CcO can be measured by fluorescence
spectroscopy. As already elucidated in section 1.3, in order to be able to perform cali-
bration measurements by fluorescence spectroscopic techniques, a transparent conduc-
tor has to be utilized as a substrate, since fluorescence spectroscopy is not applicable
on metal supports due to the strong quenching of emission light.

Therefore, a ptBLM model system has to be developed on transparent conducting
substrates such as indium tin oxide (ITO). ITO enables simultaneous implementation
of electrochemical and optical methods such as fluorescence spectroscopy and optical
waveguide spectroscopy (OWS).

The formation of ptBLMs on ultra smooth metal films had been described previ-
ously [2, 33, 38]. According to this procedure the gold or silver surface was modified
using a sulfur functionality bearing active ester (DTSP), followed by coupling with N-
(5-Amino-1-carboxypentyl) imino-diacetic acid (ANTA) and complexation with Ni*"
ions. The protein was bound to the surface thus prepared via a 6xHis-tag, attached
to one of the subunits. Subsequently, a lipid bilayer was formed around the protein
by in-situ dialysis.

An equivalent procedure had to be established for oxidic surfaces such as ITO or

silicon dioxide. For this purpose the oxidic surfaces were functionalized by silanization
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with silane molecules designed for ANTA coupling. Alternatively, a polymer layer was
prepared on the silanized surface, provided with active ester functionality also designed
for ANTA coupling.

Both strategies were applied in this work. In the first instance the binding and
reconstitution of CcO on silanized silicon wafer will be described. Silicon wafer surfaces
consist of a naturaly grown silicon dioxide layer. This system offers a proper platform
to verify and test the ptBLM on silanized semiconducting surfaces. Then the ptBLM
on silanized ITO will be introduced before the ptBLM on hydrogel coated ITO will

be presented.

3.1 Protein-tethered BLM on Silicon Wafer

Due to its very low roughness the silicon wafer is an ideal model of an oxidic sur-
face. For the immobilization and re-constitution of CcO p-doped Si was chosen as a
substrate. The surface consisted of a naturally grown SiO, layer which usually had a
thickness of 2nm. After silanization and ANTA coupling the protein was adsorbed to

the surface and re-constituted into a lipid bilayer membrane.

3.1.1 Self-assembly of the NHS-Silane monolayer

It is well known that many parameters determine the properties of a silane monolayer
deposited by self-assembly from liquid phase: the surface coverage of hydroxyl groups
determined by the pretreatment of the surface, the molar ratio of water to silane
in the solution, the incubation time and the temperature[28]. Concerning the first
factor, pretreatment of the surface by hydroxylation, different procedures were already
applied. A very common way is to use fresh piranha solution based on sulfuric acid
or ammonium hydroxide. Using Ar " plasma is an alternative way. Plasma cleaning,
as will be shown here, does deteriorate the silicon surface and thereby increases the
surface roughness, which also is a crucial point for silanization. Monolayer on surfaces
with increased roughness are less defined and have a reduced reproducibility[17]. To
examine the effect of Ar " plasma cleaning silicon samples were treated for 10 min in a
plasma cleaner with 10:1 A1°/+O2 pressure ratio. AFM scans before and after treatment
were recorded and compared. The RMS value increased slightly from 0.14nm for a

clean untreated surface to 0.16 nm for the plasma treated surface. Hence, to avoid
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Figure 3.1: NHS-silane structure and binding to the oxide surface of a silicon wafer
pretreated using piranha solution.

increase of surface roughness the hydroxylation of the silicon surface was carried out
using fresh piranha solution based on sulfuric acid.

The second parameter that has an effect on the silanization was the relative water
content. For trialkylsilanes it is generally accepted that a small water content is
necessary for the monolayer formation. Excess water amount, however, results in fast
polymerization and deposition of polysiloxane onto the surface. Triethoxysilanes are
more stable to polymerization. Yet higher water amounts do still lead to polymer
deposition. In the present work NHS-silane (Fig. 3.1) was dissolved in desiccated
THF having a water content of approximately 0.005% v/v. To assure that the water
content did not change the solvent bottle was stored under a glove box. Incubation
was also performed in the glove box. Under this conditions, assuming that this way
the water content of 0.005 % in THF was stable, the molar ratio of water to silane was
controlled by using different silane concentrations.

In order to find the best conditions for the silanization of the SiO, surface, the silane
concentration was varied between 0.1 %, 0.2% and 1% w/w. Prior to incubation the
samples were cleaned using piranha solution followed by thorough rinsing using DI
water. The incubation time was 1 h. After self-assembly the samples were cleaned by
sonication in THF. For each concentration the NHS-silane layer was analyzed by means
of ellipsometry, atomic force microscopy (AFM) and contact angle measurements.
Ellipsometry and contact angle data are summarized in Tab. 3.1 and Tab. 3.2. For
the evaluation of the ellipsometry data the refractive index n of the silane was set

to n=1.46, assuming the silane forms a homogeneous monolayer on the surface. This
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Medium ‘ d of SiO, layer in nm | contact angle
Air 1.35 26°

Water 1.14 -

PBS 0.9 -

PBS/DDM 1.06 -

Air (after piranha) | 2.13 <10°

Table 3.1: Thickness d of the SiO, layer in different media. The thickness are results
of a least squares fit to the layer model based on the Fresnel equations. The
refractive indices of Water, PBS, PBS/DDM are 1.33.

conc. of silane in THF ‘ incubation time

Csilane/ %0 (W/W) ‘ 30 min ‘ 1h ‘ overnight ‘ 3 days
0.1 - - |- -

0.2 0.71 0.73 1 0.9 0.9

1 1.1 1.55 | 2 2.1

Table 3.2: Change of thickness in nm after deposition of NHS-silane by self-assembly
under different conditions. The thickness change in was measured by el-
lipsometry in air. A silicon substrate coated with a silane/SiO, hybrid
layer having an effective refractive index of n=1.46 was assumed as a layer
model. The values were obtained from least squares fits to the data based
on Fresnel equations.
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refractive index corresponds to that of the silicon dioxide surface. Therefore, in the
fitting model, oxide and silane layer were considered as a single ad-layer on a p-
doped amorphous silicon substrate (n=4.86 nm). To verify the parameter setting, like
refractive index of the oxide surface, the thickness of the oxide layer in different media
was determined prior to silanization. The thickness of the oxide layer before cleaning
measured in air was approximately 1.3nm and did not vary significantly from this
value over different samples. The contact angle prior to cleaning was at 26°. In PBS,
DDM/PBS and Ni-solution the thickness decreased slightly to 1.1 nm. After cleaning
of the bare oxide surface using piranha solution, which also hydroxylated the surface
for further modification, the thickness of the oxide layer increased to approximately
2.1nm in all media. A contact angle below 10° verified the hdrophilicity of the surface.
Silanization increased the thickness to 3.5nm for 1% silane solution and 2.9nm for
0.2 %. The contact angle also increased to 75°. Using a 0.1 % solution of silane did not
show any significant thickness change and the contact angle usually was approximately
46°.

To compare the surface topography under the respective silanization conditions the
AFM images of a 1x1pm area were recorded. The location of the area was chosen
randomly. For each silanization condition three different spots on the surface were
scanned and compared for location to location variations. Over an area of 1cm?
the recorded pictures usually showed similar surface profiles. The height profile was
analyzed regarding the surface roughness and the average "peak-valley" height referred
to as the Z-range value. A bare silicon surface after piranha cleaning was scanned as
a reference (Fig. 3.2a). The RMS value showed an average of 0.1 nm and Z-range was
1.1nm. After silanization at 0.1 %, 0.2 % and 1% the samples were sonicated in THF,
blown dry using nitrogen and immediately scanned. For silane concentration of 0.1 %
no significant difference in surface morphology compared to a bare silicon surface could
be detected. The RMS value was 0.1 nm and the Z-range 0.7 nm. The single spike that
is clearly seen in Fig. 3.2¢ has a peak height of 12.6 nm. Using a concentration of 0.2 %
increased RMS to 0.2nm and Z-range to 3.7nm. In Fig. 3.2e a noticeable number of
spikes appear. However, their average height measured from the lowest point in the
same scan line was only 2nm. The spikes can be interpreted as polymerized NHS-
silane. A low silane concentration relative to water causes all three ethoxy groups
(Fig. 3.1) being hydrolyzed which results in facile polymerization. At concentrations

of 1% hydrolysis of all ethoxy groups is reduced due to a low water/silane ratio. Hence,
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silane chains are formed and deposited on the surface instead of aggregates formed by
polymerized NHS-silane. This can be clearly seen in Fig. 3.2g where the AFM picture
shows that the surface is homogeneous and free of silane aggregates. The features
that were present before almost vanished. Thickness measurements by ellipsometry
also prove the compactness of the monolayer having a thickness of 2nm, a contact
angle of 75° supports this conclusion. The RMS value was 0.2nm and Z-range was
1.6 nm.

As already mentioned in the beginning, other than the two parameters of silanization
that have been described yet, which are the pretreatment of the surface and the
molar ratio of water to silane, the incubation time and the temperature also influence
the formation of the monolayer. The values for both parameters that were used in
previous works vary over a wide range. Often, it was found that depending on the
exact properties of the silane, incubation at approximately 28°C for i. e. several
days gave reproducible results[5, 15]. Whereas in other reports monolayer formation
was accomplished within minutes to hours. In the present work, silanization was
performed under the stabilized atmosphere of a glove box. A temperature of 22°C
was maintained during incubation. The silane concentration used was 1% w/w. The
incubation time was varied between 30 min, 1h, overnight and 3 days. Ellipsometry
measurements showed that silane coverage of the surface reached saturation after 24 h
(Tab. 3.2). The contact angle reached a maximum value of approximately 75°. Using
an incubation time up to 1h resulted in a thickness change of 1.5nm. If the samples
were incubated overnight the thickness increased by 2nm. An attempt was made
to use even longer silanization times ranging from overnight to several days. The
thickness did not increase further. AFM scans recorded for varying incubation times
are not shown here, since the scans do not differ significantly from Fig. 3.2g.

In summary, using a silane concentration of 0.1 % ellipsometry and contact angle data
indicate a very low or no functionalization of the silicon surface with NHS-silane.
AFM scans also reveal that the surface roughness did not change in comparison to
a bare silicon surface. Instead NHS-silane aggregates appeared having a height of
approximately 12nm. The best results in terms of thickness measured by ellipsometry
and contact angle measurements were achieved using a silane concentration of 1%. If
the sample was incubated overnight or longer in a 1% solution the results were even
better. In that case the thickness of the silane layer was found to be 2.1nm. AFM

scans of respective surfaces show that the roughness in RMS decreased significantly
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Figure 3.2: AFM pictures of the NHS-silane modified silicon surface. The 3d profiles
(left) and the linescans (right) of three different concentrations are shown.
For comparison the picture of a bare silicon surface (a) was included. The
concentrations used were 0.1%c), 0.2% (e) and 1% (g) of NHS-silane in
THF.
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with concentration. Here again the lowest roughness of the surface in terms of RMS

and Z-range values were achieved using a concentration of 1% w/w NHS-silane.

3.1.2 Functionalization of the silanized Si surface and binding

of CcO measured by ellipsometry

The thickness of the CcO layer bound to functionalized silicon surface was measured by
ellipsometry. Therefore, the samples were first silanized using the optimized silaniza-
tion parameters presented in the previous section: the slides were incubated in a 1%
NHS-silane solution in dessicated THF for one day. After silanization the samples were
incubated ex-situ in a aqueous solution of ANTA for two days. Covalent coupling of
ANTA to the monolayer is realized through the formation of an amide bond between
the amine group of ANTA and the NHS-silane. The coupling reaction is schematically
shown in Fig. 3.3. The samples were than rinsed using DI water and the flow cell was
assembled. A NiSO, solution in acetate buffer was filled into the cell. The Ni*" ions
in the solution form a complex with the NTA head group of ANTA by coordinating
to the free COOH groups. To remove excess Ni the cell was flushed using nickel free
acetate buffer and DI water. The sample surface had to be treated using DDM /PBS
in order to avoid protein denaturation at contact with the surface. Therefore, a small
amount of DDM /PBS was filled into the cell prior to CcO adsorption. Finally CcO
dissolved in DDM/PBS was introduced. CcO has a poly-histidine group attached to
the C-terminus of SU I. The histidine group coordinates to the Ni-NTA chelate and
forms a stable complex, thereby anchoring the enzyme to the surface (Fig. 3.3).

To follow the adsorption of CcO on the surface the change of the ellipsometry
parameters A and v as a function of time was measured (Fig. 3.4). Right in the
beginning of the measurement a jump in both parameters can be observed. This
coincides with the moment of CcO injection. After CcO injection the parameters
change continuously during CcO adsorption before they reach a saturation level after
2h. The most significant change occurs within the first 30 min, where A changes
approximately from 176° to 173° and ¢ changes from 18.5° to 18.6°. The final values
after carefully flushing the cell with DDM/PBS were 176.1° for A and 18.6° for ).

The thickness of the protein layer can be derived from the ellipsometry data. There-
fore the data has to be simulated in terms of a two layer model, using the ox-

ide/silane/ANTA layer as a single sublayer. The refractive index and the thickness
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Figure 3.4: CcO binding on silicon surface followed by ellipsometry. The AOI was
fixed at 60° and the wavelength was 532nm. Time of injection of CcO is
indicated in the graph. The change of A and ¢ indicates adsorption of
CcO.

of the sublayer are 1.46 and 3 nm respectively. The ellipsometry parameters A and
measured as a function of time reflect not only the thickness change of the ad-layer
but also the change of the its refractive index. Thus, to derive the final thickness
of the protein layer only the values of A and i before CcO insertion and after final
flushing using DDM /PBS were taken. A refractive index of 1.45 was assumed for the
CcO layer. This way a thickness of approximately 6 nm was calculated. The thickness
calculated from the length of CcO at 100 % coverage, along the axis of orientation on
the surface, is 9nm [61]. From this result it can deduced that the surface coverage of
CcO tethered to a SiO, surface is 66 %.

3.1.3 Formation of the ptBLM on Si wafer by EIS

The binding of CcO measured by ellipsometry was described in previous section. In
order to initiate the formation of a lipid bilayer around the tethered CcO the phos-
phocholine lipid DiPhyPC solubilized in DDM/PBS was added to the bulk solution.
The detergens molecules around CcO were replaced with lipids by in-situ dialysis us-

ing bio-beads leading to the formation of BLM patches between the proteins. CcO
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preparation step ‘ Cm in BF/em? ‘ R in M Q-cm?
After Ni - -

After CcO binding | 7 0.2-5

After in situ dialysis | 3-5 5.4-13

Table 3.3: Change of capacitance C,, and resistance R,, of the ptBLM on silicon at
different steps of the preparation. The data was normalized to the area of
the working electrode which is 0.28 cm?. The values are ranges measured
for 10 different silicon samples.

binding and BLM formation were monitored by impedance spectroscopy.

The impedance spectra were recorded using a three electrode configuration where
the p-doped silicon wafer was the working electrode, a Ag—AgCl (saturated KCI) the
reference and a platinum wire the counter electrode. The equivalent circuit Fig. 3.5,
used to evaluate the impedance spectra, consisted of three RC circuits Fig. 3.5 in series
with the electrolyte resistance R.. Instead of pure capacitors, constant phase elements
were used because of the heterogeneous property of the underlying system. The space
charge region of the semiconducting silicon was accounted for by Rg.Cs.. The circuit
Re:Cqr represents the silane/NTA sublayer referred to as the spacer region. In the
last RC circuit Ry,,Cp, is the membrane/protein resistance and the membrane/protein
capacitance respectively. The NTA activated surface without CcO was evaluated using
a double RC circuit, in which R,,,C,, was omitted. The results were derived from a
nonlinear least squares fit to the normalized spectra. The results of the fittings are
summarized in Tab. 3.3.

Before adsorption of CcO on the complexed monolayer a spectra had been recorded
as a reference. From the example of a impedance spectra in Fig. 3.5 it can be seen that
the resistance of the oxide/silane/ANTA sublayer is already in the range of 2M Q-cm?
and has a low capacitance of approximately 101F/cm2. This was attributed to the
thin oxide layer between the tethered moieties and the silicon bulk. In section 3.1.1
the thickness of the oxide layer was shown to be 2nm after treatment using piranha
solution. The layer acts as an electrical barrier interface. After binding of CcO to the
surface the resistance increases to 5M Q-cm? and the capacitance decreases slightly
to a minimum of 7¥F/ecm2. The values changed again after removal of the detergent
using bio-beads. The resistance increased to 13M Q-cm? and the capacitance reached

a minimum value of 5¥F/cm2. The value ranges of resistance and capacitance derived
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Figure 3.5: Bode (a) and Admittance (b) plot of the impedance spectra measured at
different steps of the ptBLM formation on silicon. Before CcO binding
(red); after CcO binding (black) and after in situ dialysis using bio-beads
(blue). Equivalent circuit (c) was used to calculate the fits (solid lines)
before CcO binding and (d) after CcO binding and BLM formation. The
circuit elements in sequence: R, electrolyte resistance; Ry.,C. space charge
region of the p-doped silicon; Rg,,Cq, sub-membrane space consisting of the
oxide layer, silane, ANTA; R,,,Cy,, the CcO/lipid membrane layer.
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from impedance spectra of 10 silicon samples are presented in Tab. 3.3.

This finding indicates the formation of a ptBLM on silicon. The theoretical value
of capacitance and resistance for a pure lipid bilayer is 0.28F/em? and >1M Q-cm?
respectively. The capacitance measured here is higher but still in accordance to the
CcO surface coverage derived in the previous section. There it was shown that the
coverage must be approximately 60 %. Accordingly the amount of lipid in the ptBLM
bilayer is much lower compared to a pure lipid bilayer. Assuming a bilayer thickness
of 5nm and a dielectric constant of 30 for CcO and 2 for the lipids the capacitance
for the ptBLM is then expected to be around 4 #F/cm? which is close to the measured

value of 51F/cm?.

3.2 Tethered BLMs on ITO

The binding of CcO and formation of a BLM around CcO on silicon were shown. Here
an analog procedure will be applied to build a ptBLM on ITO, which is a transpar-
ent semiconductor. First the deposition and characterization of the ITO layer will be
described. Then a tethered BLM on ITO will be shown. This system offers a ade-
quate platform to test formation of lipid bilayers on ITO. Finally a ptBLM on ITO is

presented.

3.2.1 Preparation of the ITO layer

The ITO layers were prepared by DC sputtering on glass slides. The aim was to
achieve good optical and electrochemical properties of the layer, whereby the surface
should have a low surface roughness. Prior to deposition the slides were cleaned
using piranha solution. Sputtering was performed under varying conditions regarding
process pressure Py, and argon/oxygen ratios. The DC power was set to a constant
value of 2.2W/em2. The slides were always prepared on the same day and numbered
according to their sequence of deposition. After deposition using different parameter
sets the sheet resistance Ry was measured by a four-point probe method[123]. The
deposition time usually was 10-15min and the layer thickness, measured by step-
profiler and ellipsometry (n of ITO 1.9065) was 80-120 nm.

Deposition was performed in a sequence within the same day. The Ry of the cor-

responding day were compared. For the first sequence (sample 1-3 in Tab. 3.4) the
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sample | O, / % vol. | P, / Pa | Ry / Q/sq

1 0 0.6 2k-2.5k

2 5t 0.6 250k-500k
3 10 0.3 35-85

4 2 1 250-700

Y 1 1 250

6 0 1 15-25

Table 3.4: ITO layer properties after sputtering at varying chamber pressure P, and
oxygen volume concentration. The samples are numbered according to the
deposition sequence within the same day. The DC power density was set
to a constant value of 2.2W/ecm2. The layer thickness was 80-120nm. For
samples 1-3 the ITO target was pre-sputtered for 15 min at P,=0.3 Pa
using pure argon, and for samples 4-6 at P,=1Pa using 1% vol oxygen.
The resistivity Rg was measured by the four-point method.

target was pre-sputtered using pure argon. The process pressure P, was decreased
from 0.6 Pa to 0.3 Pa and the relative oxygen content was increased stepwise from 0%
to 10 %. Ry decreased thereby from 2k Q/sq up to 35Q/sq. In the second sequence
(sample 4-6 in Tab. 3.4) the target was pre-oxidized before deposition using a P}, of
1 Pa and 1% vol oxygen. During deposition Py, was kept constant at 1 Pa for all three
samples. In the beginning a small amount of oxygen was used. In that case Ry did
not change much from 2502 /sq. For the last sample oxygen was omitted leading to a
sheet resistance of 152 /sq.

From this data it can be clearly seen that the electrical properties of the ITO layer
depend on the state of the target before deposition. The target condition changes
with sputtering time. To explain this behavior it is appropriate to use the terms of
'non-oxidized” and ’oxidized’ state of the target[67]. In the beginning, the first set of
three samples in Tab. 3.4, only argon had been used for pre-sputtering. Thereby the
target was brought into the non-oxidized state leading to a brownish color of the layer
and high resistivity values of 2k-2.5k 2/sq. A low oxygen content is known to reduce
transparency and conductivity[54, 72| of DC and RF sputtered ITO layers, whereas
a high oxygen content still gives good transparency but decreased conductivity. Low
oxygen concentrations reduce the grain boundary scattering due to larger grain sizes.
Hence charge carrier mobility is increased. If the oxygen concentration is increased

further the carrier mobility decreases again, which is attributed to the trapping effect
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of neutral (SnO,), clusters. Therefore, for samples 2 and 3 oxygen was added with
increasing partial pressure. This lead to decreasing resistance where the best result
in terms of Ry were realized using 10 % vol of oxygen. Though sputtering had been
started from an non-oxidized target, using oxygen flow during deposition seems to
re-oxidized the target thereby bringing it close to the optimal oxidization state. In
the second sequence of samples this effect has been simulated by pre-sputtering the
target without samples in the chamber. The conditions used for pre-sputtering were
a process pressure Py, of 1Pa and 10% vol. oxygen. The sheet resistance got much
lower compared to sputtering with a non-oxidized target. After the first two samples
in the second set (sample 4 to 6), where an Ar-O, mix had been used, the target
reached the optimal oxidized state. Starting deposition from this state resulted in the
best values with Rq even close to 35 €2/sq.

It can be concluded that after installation of the ITO target before deposition, pre-
oxidization of the target using a Ar-0O, mix is necessary. This way good electrical and
optical properties of the layer can be achieved. To test this assumption a new series
was produced starting from a non-oxidized target and using a higher oxygen amount
for pre-sputtering. This time the target was pre-sputtered for 15 min using 10 % vol.
oxygen at 1Pa process pressure. Thereafter, only argon was used for deposition. As
expected, Rg had a reproducible value of 15-35/sq.

3.2.2 ITO surface characterization

The ITO surface was characterized in terms of electrochemical properties and surface
roughness. The surface morphology was recorded by AFM. To verify that no large
scale inhomogeneities exist, different surface areas of 1x1pm size were scanned in
tapping mode. The location of these areas was within a section of 1e¢m? in the center
of the sample. No significant differences in surface morphology could be observed.
Therefore, it was assumed that a single scan of a randomly chosen surface area from
the center of the sample was representative for a 1cm? section of the ITO layer.

All of the layers scanned by AFM featured a surface pattern formed by small spikes
having a diameter of 15-20nm. From AFM measurements of various samples it was
also evident that the surface roughness of the layer did change when the chamber pro-
cess pressure and relative oxygen content were varied. The most significant difference

shown in Fig. 3.6 appeared between the first sample deposited at a process pressure
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Figure 3.6: AFM measurements of the DC sputtered ITO samples from Tab. 3.4. The
3d surface profile (left) and line scan data (right) are shown. The samples
presented are those in Tab. 3.4 having the lowest Rg: (a)(b) sample 3 and
(c)(d) sample 6. For comparison, the AFM scan of (e)(f) a bare silicon
surface is added.
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incubation time in PBS | Rg=40/sq | R¢=60€/sq | R,=110Q/sq

Oh 15k;13 1190k;10 | 569k;43
24 h 13k;14 59k;13 45k;26
48h 13k;14 52k;13 45k;26

Table 3.5: Resistance and capacitance values R, Q-cm?;C, 1F/em? of the ITO surface in
PBS measured by impedance spectroscopy. The values are least-squares
fits to the data presented in Fig. 3.7. Results of three ITO samples having
different sheet resistance Rg are presented.

of 0.3 Pa from a non-oxidized target (Fig. 3.6a) and those samples processed at 1 Pa
from an oxidized target (Fig. 3.6¢). In the first case, the AFM picture shows a surface
consisting of homogeneously distributed spikes having an average height of 10 nm. The
Z-range was 6 nm and the RMS value was 0.6 nm. For the sample in Fig. 3.6¢, where
oxygen and a higher pressure were used, the RMS increased to 1nm and the Z-range
to 10nm. The same samples also show an increase of the spike height to 10-20 nm.
Compared to the bare silicon surface both of the ITO layers show a drastic difference
in terms of surface roughness and homogeneity.

To test electrochemical stability of the ITO layer impedance spectra were recorded
for three different ITO samples at varying time intervals. Examples of the spectra
are presented in Fig. 3.7. The ITO layer of the three samples had a specific sheet
resistance Rg of 40 Q/sq, 602 /sq and 110 Q/sq respectively. The electrolyte used was
the PBS solution of the CcO binding procedure. The slides were pre-cleaned using
isopropanol and UV-ozone treatment. The electrochemical cell was assembled and
PBS was filled into the cell. Impedance spectra were measured within time intervals
of Oh, 24h and 48 h.

For all three ITO samples the resistance decreased significantly within the first 24 h,
whereas the capacitance increased. This effect was even more predominant in the case
of the ITO sample having a Rg value of 60€2/sq. There, the resistance decreased by
three orders of magnitude from around 1M Q-cm? to 60k Q-cm?. The capacitance in
all three cases decreased to a value of 13-141F/cm2. This value can be attributed to the
space charge capacitance of the I'TO semiconductor, since the Helmholtz capacitance
under the conditions given here is usually around 25 #F/cm2. Capacitance and resistance
of the ITO layer in PBS did not change further for time intervals longer than 24 h,

as was deduced from the data after 48h. An explanation for this behavior can be a
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Figure 3.7: Bode plot (left) and admittance (right) of the impedance spectra of bare

ITO electrodes in PBS (red) measured after 24h (black) and 48h (blue).
The sheet resistance of the ITO layers are 40Q/sq (c), 608/sq (a),

11092/sq (e)
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Figure 3.8: Potassium ferrocyanide in KCl on a bare ITO electrode (Rs around
1k Q/sq) measured by CV (a) and impedance spectroscopy (b). The con-
centration of [Fe''(CN) ] ~* was 1mM in a 0.1 M KCI buffer. The CV
scan rate was 10mV/s. The reference measurement without potassium fer-
rocyanide is shown in red.

'swelling’” process during which water is taken up by the ITO layer. This uptake of
water molecules would reach an equilibrium after a certain time. Since water has a
dielectric constant of 80, the capacitance increases as expected. This suggestion is
supported by the AFM measurements of the DC sputtered ITO surface. The ITO
bulk layer itself consists of grains forming a column like structure into the direction of
the layer growth. The grain size distribution depends on the sputtering parameters.
The gaps between the grain structure can form pores. Hence the layer would also
have properties similar to nano-porous materials, where diffusion of specimen into the
pores was already observed|114].

The electron transfer properties of the ITO layer were measured by CV. Ferro-
cyanide [Fe™(CN)y] * was used as redox species in a KCl solution. Before adding
ferrocyanide background scans of the bare ITO surface were taken. The CV scans of
ferrocyanide in KCl on unmodified ITO having a high sheet resistance Ry (Fig. 3.8a)
show a quasi-reversible electrochemical behavior of ferrocyanide. In Fig. 3.8a, after
1 mM of ferrocyanide had been added the cathodic charge flow was 28 mC/cm? and the
peak position at -76 mV. No distinct anodic peak could be observed. The impedance

spectra show a decrease of resistance from 4.5M Q-cm? to 0.35M Q-cm? whereas the
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Figure 3.9: Potassium ferrocyanide in KCI on a silanized ITO electrode measured by
CV (a) and impedance spectroscopy (b). The concentration of Fe(CN)g,
was 1mM in a 0.1 M KCI buffer. The CV scan rate was 10mV/s. The
reference measurement without potassium ferrocyanide is shown in black.

capacitance increased from 71nF/cm? to 9nF/cm2. This data suggest a comparably slow
electron transfer of ferrocyanide to I'TO [80] as expected from the high sheet resistance.

To investigate the effect of a ’blocking’ ad-layer alkensilane had been used to silanize
the ITO surface. Silanization was completed by incubation using a 1% solution in
THF. The monolayer thickness measured by ellipsometry was 1 nm. The CV scans of
the silanized slides in Fig. 3.9a show no cathodic current peak when ferrocyanide was
added, indicating the electrical ’barrier’ properties caused by a dense silane monolayer.
The resistance measured by impedance spectra decreased from 29k Q-cm? to 19k ©-cm?.
This decrease is lower compared to the CV scans of ferrocyanide in KCI on unmodified
ITO. Hence, it can be concluded that any kind of electrical barrier having a comparable
thickness will similarly hinder the electron transfer between a redox species and the
electrode. This would also explain the very slow electron transfer properties of the
ITO surface, if some kind of 'natural’ passivating layer between the ITO bulk and
the solution is existing. The existence of such a layer would than lead to the high
charge transfer resistance observed for the bare ITO surface. As can be deduced from
Tab. 3.5, the charge transfer resistance values for the bare ITO are by an order higher
than expected from the Rg values of the respective surface.

The charge transfer property of the ITO layers having a low Rg (15 /sq) was also
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Figure 3.10: CV measurement of cyt ¢ in PBS on ITO. Ry of the ITO layer 15Q/sq.
A reference scan of the bare ITO layer is also presented. The scan rate
was 10mV/s.
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Figure 3.11: Single stranded anchor lipid HC(EO),TES used for the formation of a
tBLM on ITO. Synthesis by Mathieu Jung[53].

investigated. This time, a solution of cyt ¢ in PBS has been used as the redox species.
Cyt ¢ will be employed as an electron donor for the CcO in a ptBLM, which will be
presented later in this work. As can be seen from Fig. 3.10, the CV measurement shows
a quasi-reversible electrochemical behavior indicating a low charge transfer resistance
at the ITO-solution interface.

In summary, the characterization of the ITO surface has been presented so far.
Here, it was shown by AFM that the ITO surface morphology features a comparably
high surface roughness with distinct peaks covering the entire surface. Therefore, a
tBLM system using anchor lipids was employed as a test system in order to analyze
the formation of tBLM before the ptBLM was formed on ITO.

3.2.3 Tethered-BLM on ITO

The single stranded anchor lipid used here for the formation of a tBLM on ITO was
synthesized by Dr. Mathieu Jung|[53].
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Figure 3.12: Bode (a) and admittance (b) plot of the impedance spectra of the liposi-
lane monolayer on ITO before (black) and after vesicle spreading (red).
The spectra were measured in PBS. Lipid concentration of the vesicle
solution was 0.04 mg/mL.

A tethered bilayer lipid membrane (tBLM) was deposited on ITO. For this pur-
pose the ITO surface was coated with Heptacosa-10,12-diynoic acid-tetraethylene gly-
col ester-[3-(triethoxysilyl) propylcarbamate| (HC(EO),TES) of which the structure
is depicted in Fig. 3.11. The ITO slides were cleaned by sonication in isopropanol
and afterwards hydroxylated by UV-ozone treatment. The surface was coated with
HC(EO)4,TES by LB transfer. The monolayers were transferred at surface pressures
of 50mN/m from the water subphase via LB transfer with a deposition speed of 1
mm/min. A suspension of liposomes in PBS was prepared by extrusion (100 nm). A
diluted concentration of a stock solution (2mg/mr) was added and the cell was flushed
with PBS after 24 h. Finally the electrical sealing properties of the tBLM were mea-
sured by impedance spectra.

The impedance spectra of the lipid coated ITO show a high resistance value of
81M Q-cm? indicating a dense monolayer of lipids on the surface. The capacitance of
the lipid layer was at 141nF/cm2. After adding a diluted vesicle solution the resistance
increased slightly to 82M Q-cm? whereas the capacitance decreased significantly to
11¥F/em? which is comparable to the values reported for a tBLMs on other oxidic
surfaces[114]. Because of the already high resistance caused by the densely packed

HC(EO),TES the increase of resistance derived from the nonlinear fit after formation
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of a lipid bilayer was comparably low. However, the decrease of capacitance indicates
that a closed bilayer of lipids has formed. This conclusion was also supported by

membrane potential measurements which will be presented in chapter 4.

3.2.4 Protein-tethered BLM on ITO

First, the ITO slides were sonicated in isopropanol then in Hellmanex. Thereafter,
the ITO surface was hydroxylated by UV-ozone treatment. The same ptBLM binding
procedure was used as the one described already for silicon surfaces in section 3.1: a
1 % NHS-silane solution (see 3.1) was used to modify the ITO surface. The slides were
incubated overnight, according to the optimized conditions derived for silanization of a
silicon oxide surface. For ANTA coupling an incubation time of 2 h was used, in order
not to deteriorate the ITO surface. Afterwards CcO was immobilized on the surface
and DiPhyPC solubilized in DDM/PBS was added. The formation of the lipid bilayer
between the proteins started after adding pre-cleaned bio-beads. Enzyme activity was

initiated by adding reduced cytochrome c.

preparation steps ‘ R/ Q-cm? ‘ C/ ¥F /cm?
after Ni’" complexation | 1-7M 15-19
after CcO adsorption 1-4M 13-18
after in-situ dialysis 0.2-1M 12-18

Table 3.6: Resistance and capacitance values of the ptBLM formation on NHS-silane
functionalized ITO measured by impedance spectroscopy. The values
are derived from least-squares fits to the spectra using equivalent circuit
Fig. 3.13c.

The resistance decreased after each of the ptBLM formation steps as can be seen
in Fig. 3.13. Before CcO adsorption the resistance was at 7M Q-cm?. After CcO
adsorption the value decreases to 4M Q-cm?. In situ dialysis performed by adding
bio-beads together with a solubilized lipid further decreased resistance to 0.2M Q-cm?.
The capacitance slightly decreased from 198F/cm? to 18 1F/em? after CcO adsorption
and did not decrease further after BLM formation. This results are in contrast to
those obtained for the silicon surface. There an increase of resistance and a decreasing
capacitance could be observed after each preparation step. To verify whether the en-
zyme had been reconstituted in a functional manner impedance spectra were measured

before and after activation of CcO using reduced cyt c. The resistance decreased to
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sC m

Figure 3.13: Bode (a) and admittance (b) plot of the impedance spectra of the ptBLM
formation on NHS-silane functionalized ITO: Before CcO binding (red);

after CcO binding (black), and after in situ dialysis using biobeads (blue).
Equivalent circuit (¢) was used for fitting.
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Figure 3.14: Enzyme activity of CcO incorporated in a ptBLM on NHS-silane func-
tionalized ITO measured by CV (a) and impedance spectroscopy (b):
before adding cytchrome c (red), after addition of (black) 0.2mM and
(blue) 0.3 mM reduced cyt c. The scan rate was 10 mV/s.

120 Q-cm? after reduced cyt ¢ was added to the buffer solution. The enzyme activity
was also measured by CV (Fig. 3.14). After adding reduced cytochrome ¢ a weak
cathodic peak at a potential of -100mV could be detected.

Comparing both data, CV and impedance spectra, the formation of closed, electri-
cally sealing lipid bilayer could not be verified. However, CV scans show that there is
a small catalytic activity of reconstituted CcO on ITO suggesting that fragments of
ptBLM exist on the ITO surface. An explanation for the insufficient ptBLM formation
is the high surface roughness that could be observed for the ITO surface. The Z-range
values presented in section 3.2.2 are within the range of 6-10 nm, which is already
comparable to the size of the CcO on the surface. In addition, spikes having a height
of 10-20nm are distributed over the surface. This characteristics of the ITO surface
clearly hinder the formation of a closed lipid bilayer. A modified surface modification
technique has to be implemented. The drawback of a very rough surface has to be
overcome and at the same time the modification has to provide the proper function-
ality to immobilize CcO and reconstitute the protein into a lipid bilayer. A polymer
network bound to ITO possessing functional groups for ANTA coupling can achieve
this goals. A new method will be presented now, employing a thin hydrogel layer as

a polymer cushion for the ptBLM.
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3.3 The Hydrogel-supported ptBLM on ITO

The work presented here was part of a cooperation with Robert Roskamp and Uli
Jonas. The hydrogel described in this section was synthesized by Robert Roskamp,
who also developed the spin coating procedure for the ITO.

A new approach in the direction polymer-supported membranes is an assembly that
starts with immobilizing the protein to be investigated specifically on the top layer
of the polymer. This can be achieved by using a hydrogel as the polymer layer with
mesh sizes smaller than the size of the protein. The gel is provided with a binding
motif such as an NTA functionality chelated with Ni*" ions designed to bind the
protein via the his-tag technology. Since the protein is too big to penetrate the gel, it
stays on the surface. If a lipid bilayer could then assembled around the protein, the
formation of a defect-free electrically sealing protein-lipid layer could be expected. A
similar approach had been successfully applied before, however, on a short spacer layer
rather than a polymer. The sealing properties of ptBLM were sufficient to allow for
electron and ion transport processes through the cytochrome c oxidase. In the present
study a hydrogel consisting of poly(N-(2-hydroxyethyl)acrylamide-co-5-acrylamido-1-
carboxypentyl-iminodiacetate-co-4-benzoylphenyl methacrylate)
(P(HEAAm-co-NTAAAm-co-MABP)) will be employed to bind the same protein via
the already described His-tag technology. A lipid layer will be then assembled by
in-situ dialysis around the protein. A number of surface-analytical techniques will be

employed to characterize the system including the activity of the protein Fig. 3.15.

3.3.1 Polymerization of P(PFPA-co-MABP)

4-(3-triethoxysilyl) propyloxybenzophenone (benzophenone-silane) [37],
pentafluorophenyl acrylate (PFPA)[26] and 4-methacryloyloxybenzophenone
(MABP)[130] were prepared according to literature. Azodiisobutyronitrile (AIBN)
was recrystallized from methanol. Dioxane was distilled over calcium hydride.

The reactive copolymer was polymerized from 98 % mol PFPA and 2 % mol MABP
by free radical polymerization with 0.2 % mol AIBN in dioxane at 60i£;C for 48h. Tt
was precipitated in methanol and dried in high vacuum.

The reactive copolymer P(PFPA-co-MABP) was obtained with a yield of 78 % after

precipitating it three times from benzene in methanol. The molecular weight Mn was
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Figure 3.15: Schematics of the protein-supported bilayer lipid membrane (ptBLM)
bound to the top layer of a hydrogel. Formation of the ptBLM started
with immobilization of cytochrome c oxidase with the his-tag attached to
SU I via the Ni complex to the NTA modified hydrogel P(HEAAm-co-
NTAAAm-co-MABP).
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determined by GPC (THF with pmma as standard) to be 14.000 g/mol and the
molecular weight distribution was 2.1. The 1H-NMR shows the peaks of the PfpA
and the MABP with a ratio of 98 : 2 as intended by the monomer mixture. 1H-NMR,
(700 MHz, CD2C12): [ppm| = 7.45 (br m, 9 H, benzophenone), 3.11 (br s, 1 H, CH,
backbone), 2.15 (br s, 2 H, CH2, backbone), 1.48 (br m, 3 H, CH3, backbone).

3.3.2 The formation of the ptBLM on PFPA copolymer

ITO layers prepared as described in section 3.2.1 were provided with a 60nm thick
layer of the copolymer P(PFPA-co-MABP). At a mixing ratio of 98 mol PFPA and 2
mol MABP the copolymer is highly cross-linked and very hydrophobic due to the hy-
drophobic nature of the active ester functionalities (pentafluorophenyl). A high degree
of cross-linking is needed to be able to mainly functionalize the surface functionalities
of the polymer rather than the inner network. Nevertheless, the active ester allows for
further functionalization with hydrophilic groups to form a hydrogel. The active es-
ter functionalities were converted to NTA-groups by a reaction with ANTA. Residual
active ester functionalities were converted to terminal OH groups by a reaction with
aminoethanol. The thickness of the polymer layer was determined by SPR/OWS and
AFM to be 60 nm.

AFM measurements showed the spike structures of the ITO layer described in section
3.2.2 almost completely covered by the polymer layer (Fig. 3.17). Electrochemical
impedance spectra showed a dramatic increase of the capacitance and a decrease of
the resistance due to the functionalization (Fig. 3.18). This can be explained by the
hydrophobic active ester functionalities (PFPA), which do not allow for any water
molecules to penetrate the polymer. The capacitance of the layer structure is thus
determined by the space charge capacitance of the semiconductor. When the active
ester was functionalized with hydrophilic groups such as NTA and OH, water molecules
could enter the polymer together with ions from the buffer solution to form a kind
of Guy-Chapman electrical double layer with capacitances in the order of magnitude
of 16 1F/em2, actual values depending on the particular preparation. The resistance of
this layer was in the order of k{2 as expected.

The NTA functionalities were converted to the Ni-NTA chelate by immersion of
the gel layer into a buffered NiSO4 solution. The excess Ni was removed by rinsing
with an acetate buffer solution (pH=4). After that a solution in detergent (DDM)
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Figure 3.16: Synthesis of the precursor polymer P(PFPA-co-MABP) and its conversion
into the PHEA Am-hydrogel with attached NTA groups (P(HEAAm-co-
NTAAAm-co-MABP)).
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Figure 3.17: 3D surface profile (left) and corresponding line-scan (right) of DC sput-
tered ITO; (A) sample 3 and (B) sample 6 from Tab. 3.4. The hydrogel
coated sample (C) is also shown. The electrode surface is smoothed and
the spikes are covered by the gel. The location of the line scan on the left
is indicated by the blue line in (A) and was the same in all three samples.
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Figure 3.18: Frequency response presented as (A) bode and (B) frequency normalized
admittance plot of the ITO coated with the P(PFPA-co-MABP) precur-
sor; (e) before and (O) after conversion to P(HEAAm-co-NTAAAm-co-
MABP) using ANTA and ethanolamine. Also shown are the fits (solid
lines) using Fig. 3.19c.
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Figure 3.19: (a) Bode plot and (b) frequency normalized admittance of the Nij -NTA
modfied P(HEAAm-co-NTAAAm-co-MABP) on ITO before (black) and
after (red) binding of CcO; (blue) after in situ dialysis to form the lipid
bilayer around the protein. Solid lines show the fitted curves using (c).
For the fit to the blue data (d) was used.
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ITO samples at different preparation step | R/ MQ-cm? | C,,/ BF /em?
P(PFPA-co-MABP) coated ITO =60 0.04
...after conversion to hydrogel 0.02-0.04 13-16
...after CcO binding 0.07-0.11 14-16
...after in-situ dialysis 1-5 12-15

Table 3.7: Capacitance and resistance values after each step of the preparation of a
ptBLM on polymer coated ITO. The values are results of a least squares fit
using equivalent circuits in Fig. 3.19.

of CcO from Rh. Sphaeroidis with a his-tag attached to subunit IT was added to the
bathing solution. It is seen in Fig. 3.19 that the impedance spectrum did not change
much, although the binding of CcO could be detected by waveguide measurements
described further below. However, when the phopholipid (DiPhyPC) solubilized in
DDM was added together with bio-beads, the resistance increased by two orders of
magnitude to reach values around 0.6-2M Q-cm?, Fig. 3.19 shows a typical example.
This indicates the insertion of lipid bilayer patches between the CcO molecules or
in other words the formation of a ptBLM. EIS data are collected in Tab. 3.7. The
resistance of 1-5 MQ-cm? is in accordance with results obtained for ptBLMs on smooth
gold films without a gel layer. The resistance is known to be a very critical parameter
to indicate a defect-free lipid bilayer. Values in the order of magnitude of M-cm?
are known from BLMs and tBLMs, whereas for polymer-supported bilayers such high
sealing resistances were hard to achieve. The capacitance does not change because
it is dominated by the capacitance of the gel as well as the protein layer, which are
expected to be in the same order of magnitude. The high resistance after dialysis,
however, indicates that CcO molecules were bound mainly to the surface layer rather
than the meshes of the gel layer. Only protein molecules attached to the surface can
form a closed protein-lipid layer as requested for a ptBLM. The CcO is anyhow to
large (9x8nm) to penetrate the gel, particularly at the high degree of cross-linking.

3.3.3 Characterization by waveguide measurements

EIS is not designed to follow the binding of the CcO to the NTA functionalized polymer
layer. The formation of the lipid bilayer can be deduced from these measurements,
but only indirectly. More information can be expected from SPR/OWS measure-

ments, which were performed on a thick (680nm) ITO layer as the wave guiding
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Figure 3.20: (a) SPR/OWS angle spectra of (solid line) p-polarized and (dashed line)
s-polarized light (632nm) of (black) Ni*"-NTA modified P(HEAAm-co-
NTAAAm-co-MABP) on ITO before and (red) after binding of CcO;
(blue) after in situ dialysis to form the lipid bilayer around the protein.
(b) Simulated shifts of the effective refractive dNeg caused by an isotropic
ad-layer (n=1.47, d=10nm) calculated for TE and TM modes as a func-
tion of the thickness of the ITO layer (n=1.9065): (¢) TM3, (0) TE,. The
arrow indicates the thickness of the ITO layer used on a routine basis.

media. SPR/OWS is a multi-mode technique with TM and TE modes, i.e. angle
scans obtained from p-polarized and s-polarized light, respectively. Binding as well
as lipid reconstitution could be clearly seen as a shift of the TMjy (p-polarized) and
the TE, mode (s-polarized) in the angle spectra in Fig. 3.20a. The effective refractive
indices Neg of the propagating TM3 and TE, (Tab. 3.8) are calculated from the angle
spectra using (2.42)

Changes of dNqg from one layer to the next give information about the anisotropy
of the layers. From the angle scans it is already obvious that the two modes shift
differently for each layer formation. In order to obtain a more quantitative information
dN.g values of the two modes were simulated for the isotropic case as a function of
the thickness of the ITO layer. The thickness of the gel-support was set 60 nm. From
this so-called sensitivity curve (Fig. 3.20b) the expected absolute shift dNeg of both
modes, TM3 and TE, at a particular thickness d of the ITO layer, can be derived.
In the experiments performed here the two modes should shift at a ratio TM3:TE, of
2.4:1 provided the layers are isotropic.

The actual dNgg values derived from the Nqg in Tab. 3.8 show different behavior,
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Preparation steps | Neg TM3 | Neg TE2
Ni2-+-NTA modified P(HEAm-co-TAAm-co-MABP) 0 0
...after CcO adsorption 2.971-1073 | 6.432-1073

...after in-situ dialysis for formation of the BLM 5.875-1073 | 8.243-1073

Table 3.8: The change of the effective refractive index Nog of the TE, and TM3 modes
after each preparation step calculated using (2.42).
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Figure 3.21: Change of the effective refractive index, dNgg for the TM and TE op-
tical waveguide modes after each preparation step of the ptBLM on
P(HEAAm-co-NTAAAm-co-MABP). The dN,g values were derived from
the Neg in Tab. 3.8. Results from simulations using an isotropic adlayer
and the software described in experimental part are also presented.

Fig. 3.21 presents actual and simulated dNgg of the protein and the protein/lipid
layer. In both cases the two modes, TE, and TMs, shift at a ratio different from the
theoretical one. The TE; mode shifts even stronger than the TM3 mode in contrast
to what is expected from simulation data. This result can only be explained by
an anisotropy of both the CcO and the lipid/CcO layer. However, with the dipole
moment directed along the x-axis of the CcO a shift of the TE mode indicates the
CcO molecules being arranged more parallel to the surface rather than perpendicular.
They seem to rearrange into a more upright position as deduced from the difference
between TE and TM modes decreasing after insertion of the lipids as required for a

well-ordered planar lipid bilayer.
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Figure 3.22: Cyclo voltamogram of cytochrome c after CcO binding and before ptBLM
formation. A 50 uM solution of reduced cytochrome ¢ in PBS was added
to the system. The scan-rate was 50mV/s. Two scans are presented, one
taken immediately after cytochrome ¢ was added (black) and one 30 min
later (red).

3.3.4 Penetration of cyt c through the gel layer

Cyt c is known to be adsorbed to NTA functionalities. Hence it was interesting to test
whether or not cyt ¢ would be able to penetrate the NTA-OH functionalized hydrogel.
For this purpose, CVs were measured of the ptBLM in PBS buffer before and after
adding cyt ¢ to the buffer solution (Fig. 3.22). The CVs recorded immediately after
the addition of cyt ¢ showed oxidation/reduction peaks with a peak separation of
160 mV. The detergent solubilized protein layer did not pose a barrier to cyt c. The
CV recorded immediately after cyt ¢ insertion and 30 min later do not differ. When
the ptBLM was formed, the slowly increasing peaks in the CV showed that the lipid
membrane effectively hindered the cyt ¢ penetrating the gel (Fig. 3.23).

3.3.5 Enzyme activity of the CcO residing in the gel-supported
ptBLM

Finally he Enzyme Activity of the CcO was probed by EIS after adding reduced cyt ¢
to the ptBLM assembly. The resistance decreased at least by an order of magnitude
and could be restored by flushing the cyt ¢ away with fresh buffer. A typical example

is shown in Fig. 3.23. These data are very well comparable to previous measurements
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Figure 3.23: Bode plot of the impedance spectra (a) and cyclo voltamogram (b) of cyt
c activated CcO after ptBLM formation. A 50 pM solution of reduced cyt
¢ in PBS was added to activate CcO. Bode plot (b) shows the spectra after
ptBLM formation (empty symbols), after activation using cytochrome c
(red) and after flushing the cell using PBS (black). The scan rate was
50mV/s. The cyclo voltamogram (b) shows scans immediately after adding
reduced cytochrome ¢ (red), 30 min after adding cyt ¢ (blue) and after
flushing the cell using PBS (black).

with the ptBLM on smooth Au surfaces. Proton pumping activity was held responsible
for the decrease of the resistance. This can be concluded from the complete restoration
of the resistivity after removal of cyt c. A repeated electron exchange of cyt ¢ with
the electrode due to enzyme activity does not appear to take place. This was deduced
from CVs in the absence and presence of oxygen. An amplification of the current was
observed on the ptBLM on Au surfaces|35] contrary to the gel-supported ptBLM. In
this case the CV showed not only an increase of the cathodic current, but also an
increase in the peak separation to 364 mV between cathodic and anodic peaks. This
can be explained in terms of the shuttle mechanism of electron transfer of cyt ¢ between
the enzyme and the electrode. In the case of the polymer cyt ¢ has to overcome a much
larger distance to carry the electron to the enzyme. Moreover the barrier properties
of the lipids further limit the mobility of ¢yt c. Hence cyt ¢ is expected to bind to its
binding site on subunit IT of the CcO, which is directed to the outside of the ptBLM

where it elicits proton transport through the enzyme.
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3.4 Summary

The ptBLM on NHS-silane modified silicon was presented. The modification of the
silicon dioxide surface was shown to be dependent on incubation time and silane
concentration. The best coverage measured by ellipsometry and contact angle was
achieved at 1% NHS-silane in THF and incubation overnight. The formation of a
ptBLM on silicon oxide was also observed. Though the membrane resistance was
significantly lower compared to the ptBLM on gold. The results derived from the
measurements on silicon indicate that a ptBLM can be formed also on oxidic surfaces.

Thus the parameters for NHS-silane functionalization of the ITO surface were
adopted from procedures developed previously. Formation of a ptBLM was mea-
sured by impedance spectroscopy. The activity of the CcO could be detected by cyclic
voltammetry using its substrate cytochrome c in the reduced form. A weak catalytic
current, verified by measurements under anaerobic and aerobic conditions, was ob-
served. The reason for the weak activity is the imperfect lipid bilayer formation on
ITO. From the characterization of the sputtered ITO it could be seen that the surface
had a high roughness with spikes covering the entire surface. This characteristics of
the ITO surface hinders the formation of a closed lipid bilayer. The ptBLM support
on ITO had to be further modified in order to achieve CcO tethered BLM with good
electrical sealing properties.

Therefore a gel-supported ptBLM was formed by copolymerization of PFPA and
MABP. The very hydrophobic PFP-groups were converted into hydrophilic NTA and
OH functionalities. The first ones were shown to bind the protein via the His-tag
technology whereas the second ones provide hydrophilic end groups to form a hydrogel.
This concept was shown to work in the direction of very robust polymer-supported
protein-lipid layers. The polymer had to be highly cross-linked in order not to allow
for a protein the size of the CcO to penetrate the polymer network. However, a
smaller protein such as cyt ¢ was shown to diffuse inside the gel layer so as to reach
the ITO electrode. The presence of a well-ordered lipid bilayer could be demonstrated
by EIS together with wave guide measurements. EIS spectra and CV scans of the cyt
¢ activated CcO verified that the protein was reconstituted in a functional manner.

EIS spectra are also compatible with a water-filled reservoir for ions.
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Chapter 4

Measurement of the Membrane
Potential by Fluorescence

Spectroscopy

Optical recording of the transmembrane potential change generated by reconstituted
ion translocating proteins had been described previously[21, 22, 94, 99, 104]. For ex-
ample, membrane proteins like the H "-ATPase[49] had been reconstituted into Pro-
teolipsomes and the change of the transmembrane potential due to the formation of
an electrochemical proton gradient was monitored using a fluorescent voltage probe.
However, such investigations have not been conducted on planar membrane systems
bound to electrodes.

Membrane potentials induced in a planar BLM, such as the ptBLM and tBLM
on ITO, can be measured by fluorescence spectroscopy. In the first instance, the
suitability of the ptBLM system on ITO for fluorescence measurements was verified
using LHCII as the tethering protein. An attempt was made to use LHCII as a probe
for the measurement of membrane potentials.

An alternative approach is a custom made voltage probe such as the chromophore
aminonaphthylethenylpyridinium (Di-8-ANEPPS). These molecules are engineered to
bind to and orient within a lipid bilayer in order to exhibit a direct electronic response
to alterations in the membrane potential. The chromophore undergoes changes in its
electronic configuration, in response to changes in the surrounding electric field. Emis-
sion ratio measurements allow membrane potentials to be quantified via a potential-

dependent shift in the emission spectra.
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4.1 The LHCII Complex in the ptBLM Measured by

Fluorescence Spectroscopy

Light-harvesting complexes play a crucial role in photosynthesis. The major peripheral
antenna complex LHCIT (or LHCIIb) is one of the two existing types of chlorophyll
a/b containing antenna complexes. This complexes are ordered in an arrangement
surrounding the reaction centers in the photosystems I and II (PSI and PSII). All
oxygen-evolving photosynthetic cells (e.g. those of higher plants and cyanobacteria)
contain both photosystems I and II, whereas all other species of photosynthetic bac-
teria, which do not evolve oxygen only contain photosystem I. The function of the
antenna complexes is to absorb light energy and transfer it to the reaction center,
where it is used to drive chemical reactions within the cell. The PSII is so far the only
complex known in nature that oxidizes water to oxygen (Fig. 4.1). Beside this remark-
able characteristic, the fast (10-15fs) and efficient energy transfer makes the LHCII
also a potential candidate for light-harvesting applications in photo-electronic devices
like photovoltaic cells. For those reasons, it belongs to one of the most extensively

studied transmembrane proteins.

4.1.1 Structure and spectroscopic properties of the LHCIIb

from pea

The LHCIIBD exist in monomeric and trimeric forms. It is believed that most LHCII
complexes are arranged in a trimeric form, some minor antenna complexes might also
occur in the monomeric form |73, 137].

The recombinant LHCIIb (Lhcbl) complex used in this work is a derivative of
LHCb1*2 (AB80) from pea (Pisum sativum) with Cys79 replaced by serine. The
protein was expressed in FEscherichia coli with a His-tag added to the C-terminus.
Monomeric and trimeric LHCIIb, bearing the pigments chlorophyl a/b and the
carotenoid lutein, were provided by Prof. Paulsen. The detailed procedure of expres-
sion and reconstitution of LHCIIb and its pigments was described already elsewhere[48,
51, 102].

It is essential to exhibit a model of the detailed structure of LHCIIb in order to
understand the reactions that are involved in oxidizing water to oxygen. The LHCIIb

used in this study is a trimeric complex consisting of three symmetrically arranged
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photk/&
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Figure 4.1: Chlorophyll molecules in the LHCII complex transfer energy from excited
states of the electron to the reaction center

monomers[125]. Each monomer consists of three membrane spanning a-helices, 12
chlorophylls at minimum (7 Chl a and 5 Chl b) and 2 carotenoids. The chlorophyll
molecules are arranged in two levels, one close to the upper and one close to the outer
leaflet of the thylkaloid membrane. The maximum thickness of the complex, as defined
by the highest residues on the stromal (outer membrane) side and the lowest one on the
lumenal (inner membrane) side, 48 A. The longest and the shortest lateral dimensions
of the monomer are 48 A and 32 A, respectively. The chlorophylls are attached to the
polypeptide by coordination of the central magnesium atom to polar amino-acid side
chains or to main-chain carbonyls in the hydrophobic interior of the complex.

The absorption characteristics of the LHCIIb complex is mainly defined by the ab-
sorption spectra of the chlorophyll molecules Fig. 4.3. This chlorophyll molecules vary
in their absorption characteristics, caused by varying substitutes around the porphyrin
ring. Such variation in the chemical structure of the chlorophylls do considerably alter
their absorption characteristics. However, there are two distinct bands in the absorp-
tion spectra of the LHCIIb Fig. ??7. One is in the blue region between 400-500 nm also
called the Soret band, which can be assigned to the singlet transition Sy—S3 of Chl
a and Chl b. A second band in the red region between 550-700 nm is assigned to the
singlet transitions Sy—S; (Qy) and Sy—S2 (Qx) of the same molecules. The two ab-
sorption bands can be split further into sub-bands. Recent investigations at cryogenic

temperatures[144] show that this sub-bands can be assigned to different Chl states, so
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Figure 4.2: The LHCIIb complex from pea in the trimeric form. The complex is pre-
sented in the BLM form (a) and from the top view (b) where the arrange-
ment of the three monomers can be clearly seen. The chromophores (¢) are
presented: (green) chlorophyll a, (blue) chlorophyll b and (red) carotenoid.
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Figure 4.3: Absorption spectra and the corresponding molecular structures of the pig-
ments in LHCIIb|73]|. Chlorophyll a (a), chlorophyll b (b) and lutein (c).

called 'pigment-pools’. The position of the band of each Chl state is defined by the lo-
cation of the individual Chl within the complex. The details of this sub-bands are out
of the scope of this work and will not be discussed further. The carotenoids also con-
tribute to the light absorption in LHCIIb in the blue band (400-500 nm). Carotenoids
efficiently transfer energy to the chlorophylls, though their main functions are the sta-
bilization of the structure of LHCIIb and, more importantly, protection of the LHCIIb
complex against toxic singlet oxygen.

A simplified example of the energy transfer cascade in LHCIIb is presented in
Fig. 4.4. Through absorption of photon enery hr the Chl a/b and the carotenoids
are excited into the singlet states S,, where n > 1. The Chl a reach the excited state
S; through internal conversion from higher excited states or through direct absorp-
tion of red photons. An electron transfer (ET) occurs from the S; states of Chl b or
the carotenoids. It is assumed that fluorescence light emitted from LHCIIb originates

solely from Chl a.
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Figure 4.4: A simplified schematic dipiction (a) and a level diagram (b) of the energy
transfer mechanism in LHCIIb.
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4.1.2 Fluorescence spectra of the LHCIIb complex

The LHCIIb trimer complexes were made by binding reconstituted monomeric LHCIIb
via its His tag on a nickel-chelating fast-flow Sepharose column by sucrose gradient
ultracentrifugation. For this reason the stock solutions used for preparing a ptBLM
on hydrogel with LHCIIb contained a high amount of sucrose. To remove sucrose
the solution was filtrated again through an appropriate membrane using PBS buffer
solution having 0.05% w/v dodecylmaltoside (DM).

Polymer coated ITO samples were prepared as described in chapter 3. P(PFPA-co-
MABP) was spin-coated on DC sputtered ITO on glass. After cross-linking by UV
treatment and annealing in a vacuum oven. The PFP acvtive ester in the network were
than converted into NTA and OH groups. The NTA functionality were than further
converted to the Ni-NTA chelate by immersion of the gel layer into a buffered NiSO,
solution. The excess Ni was removed by rinsing with an acetate buffer solution (pH=4).
After that a solution in detergent (DM) of LHCIIb from pea (Pisum sativum) with
a his-tag attached to sthe C-terminus was added to the bathing solution. Unspecific
adsorbed LHCIIb was removed by rinsing using PBS/DM solution. The phopholipid
(DiPhyPC) solubilized in DM was added together with bio-beads. After formation of
the lipid bilayer the cell was flushed using pure PBS.

Laser scanning images of the reconstituted LHCIIb were recorded. The LSM image
of the LHCIIb layer in a BLM is shown in Fig. 4.5. To test whether the fluorescence

does originate from immobilized LHCIIb complexes the laser focus was placed on sin-
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Figure 4.5: Laser scanning image (LSM) (a) and example of a fluorescence spectra (b)
of the reconstituted LHCIIb in a polymer supported ptBLM system on
ITO. The image and the spectra were recorded using a confocal microscope.
The LHCIIb complex was excited using the argon line 488 nm and emission
was collected after a LP650 long pass emission filter. The bleaching spots
in (a) indicate the location where the spectra (b) were recorded. The
intensity in the bleached area did not change with time supporting the
assumption that the LHCIIb had been immobilized on the surface.
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gle spots of the scanning area and the spot was bleached using maximum power. This
bleached areas are clearly seen as dark spots in Fig. 4.5b. The time dependent fluo-
rescence intensity within the bleached areas was measured. The fluorecence intensity
did not recover indicating that the LHCIIb complex was immobilized on the surface.
The fluorescence spectra of the surface bound LHCIIb was also measured (Fig. 4.5b).
The spectra agrees very well with fluorescence spectra of LHCIIb in bulk solutions
recorded with a fluorometer. As expected the emission had a maximum at 682nm

and therefore can be assigned to the chlorophyll Chl a in the complex.

4.1.3 Potential dependent fluorescence spectra of LHCIIb

LHCIIb was immobilized as described. The square wave potential shown in Fig. 4.6a
was applied to the ptBLM system (bias potential -50 mV) and the fluorescence inten-
sity change induced by the potential step was recorded. The fluorescence spectra at

each potential step was also measured.
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Figure 4.6: Fluorescence intensity change of the LHCIIb in a ptBLM induced by square
wave potential (inset) of varying amplitude. The measurement was trig-
gered by the rising edge of the periodic square wave pulses. The time
period was 100ms. (b) The corresponding fluorescence spectra are also
shown.

As can be seen in Fig. 4.6, the intensity drops drastically with each potential step.

The characteristics of the curve in Fig. 4.6a is similiar to the exponential decay of a

92



Chapter 4 Measurement of the Membrane Potential by Fluorescence Spectroscopy

bleaching process. The measurement was also performed after allowing a pre-bleaching
time to elapse while full laser power was hold at the recording site. In any case, the
intensity dropped to a very low level where the bad S/R ratio did not allow detection
of change of fluorescence from LHCIIb induced by the applied potential in the ptBLM.

4.2 Potential-dependent Emission Spectra of a

Potentiometric Dye in a Planar BLM

In the previous section the suitability of the fluorescating complex LHCII as a mem-
brane potential probe was investigated. The inherent fast bleaching of the LHCIIb
hinders the measurement of the fluorescence intensity change as a response to an ex-
ternal voltage applied to the ptBLM. Any background noise, which is considerably
reducing the S/R of our measurement, can be compensated by employing a ratio-
metric approach. Moreover, potentiometric dyes used to stain the membrane surface
can also serve as a probe for the electric field around the membrane. There have al-
ready been numerous reports of specifically designed dyes for the direct measurement
of membrane potentials, particularly in the field of neuroscience|27, 30, 94, 97, 98|.
Here, the dye di-8-butyl-amino-naphthyl-ethylene-pyridinium-propyl-sulfonate (di-8-
ANEPPS) was chosen. The membrane potential of a tBLM and a ptBLM induced by

a defined external voltage was measured by ratiometric fluorescence spectroscopy.

4.2.1 The styrle dye Di-8-ANEPPS

Di-8-ANEPP is an amphiphilic, fast-responsive staining dye for cell membranes and
belongs to the group of voltage sensitive, or rather potentiometric dyes. Because
of its sensitivity to the spatial and temporal variations of the membrane potential
Ao, respectively electric field E along the surface of a cell membrane, it has been
frequently used in neuroscience to monitor neuronal electrical activity. To understand
the mechanism that underlies the sensitivity of the dye to changes of the electric field,
one has to consider the design of the molecule|76].

According to its molecular structure depicted in Fig. ?? the dye is attributed to the
styryl or naphthylstyryl class of molecules. The hydrocarbon chain acts as an anchor

to the lipid membrane whereas the chromophore has a highly localized, well exposed
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Figure 4.7: Molecular structure of the potentiometric dye di-8-ANEPPS and excited
state intra-molecular redistribution of the positive charge.
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Figure 4.8: Location of di-8-ANEPPS in a lipid membrane shown schematically. The
excitated state dipole moment ¢7 of di—S—ﬁNEPPS in the membrane is
parallel to the intramembrane electric field FE.

ground-state charge at the pyridium nitrogen and a compensating negative charge in
the sulfate group. The favored orientation of the chromophore in the lipid membrane
is close to the aqueous phase so that the molecule is aligned perpendicular to the
membrane surface. Excitation induced charge redistribution ¢7 from the pyridium
nitrogen to the aminophenyl end of the chromophore will occur parallel to the electric
field £ of the membrane (Fig. 4.8).
According to
hAv = —q7 - E (4.1)

where h is the Planck constant, the interaction of the electric dipole moment of the
excited state with the electric field of the membrane will cause a direct electrochromic
shift Av of the absorption and fluorescence spectra of di-8-ANEPPS. As Eqn. 4.1 also

shows, the maximum shift will occur if the charge redistribution is parallel to E which
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is exactly the case here.

In general, it is difficult to devise a figure of merit for the optical detection of Aw.
The signal strength depends very much on the staining conditions. For fluorescence,
this can be overcome by detection of relative changes of the emitted light spectra,
whereby background fluorescence from stained, non-responsive parts of the membrane
have to be limited. If precautions have been taken accordingly, one can find that
the relative change AF/F of the emitted intensity, for example in voltage-clamped
cell membranes stained using DI-8-ANEPPS is within 5-10% for a 100 mV potential
step[19, 56, 75, 142].

4.2.2 Fluorescence emission and excitation spectra of
Di-8-ANEPPS

The absorption and fluorescence spectra of di-8-ANEPP had been investigated ex-
tensively before. It had been found that di-8-ANEPPS had an absorption band at
450-550 nm with an extinction coefficient of 4-104 when membrane bound. The Stokes
shift of the emission maxima is within 100-150 nm [36, 43|, which makes di-8-ANEPP
suitable for applications in highly scattering preparations. The fluorescence quantum
yields are about 0.3 for the membrane bound dyes and a factor of 100-1,000 times
less in water. For this reason, given that the binding of the dye to the membrane
is strong enough, background fluorescence from unbound dye can be neglected under
most experimental conditions.

To confirm the reported spectral characteristics of di-8-ANEPPS, fluorescence exci-
tation and emission spectra were measured in two different environments; first the dye
was dissolved by dilution of a di-8-ANEPPS/methanol stock solution in PBS. Second,
di-8-ANEPPS was incorporated into lipid vesicles of 100 nm diameter. The vesicles
were produced by extrusion using a suspension of DiPhytPC and di-8-ANEPPS in
PBS.

After preparation of each solution fluorescence excitation spectra with the emission
monochromator set to 630 nm and emission spectra with the excitation set to 488 nm
were recorded (Fig. 4.9). The excitation wavelength was chosen according to the Ar
laser line used in later experiments. For the di-8-ANEPPS stained vesicles in PBS
the maximum of excitation is at 467 nm and that of the emission spectra within 583-
589 nm. Whereas in the case of freely diffusing di-8-ANEPPS solubilized in PBS the
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Figure 4.9: (A) Fluorescence excitation spectra (red) and emission spectra (black) of
di-8-ANEPPS in PBS (dashed line) and DiPhytPC vesicles (solid line).
The intensities are normed to the maximum of the spectra recorded in
vesicles. (B) Zoom of the dashed curve in (A). Configuration of measure-
ment; excitation spectra with the emission monochromator set to 630 nm
and emission spectra with excitation set to 488 nm. Fluorescence intensity
of di-8-ANEPPS in bulk solution is two orders of magnitude less than in
lipid vesicles.

emission maximum was within 636-651 nm.

The spectra show that the fluorescence intensity of the probe bound to the mem-
brane was by two orders of magnitude higher than in the unbound state. The maxi-
mum shifted to the blue wavelength range by 50 nm in accordance with the findings
reported before for an analog membrane probe[40, 74, 77]. The shift originates from
the preferred orientation of the dye within the membrane and can be explained by the
differential solvation which is absent in a homogeneous solution. In the ground state
the positive charge (Fig. 4.7) is centered in the pyridium ring and is surrounded by
the polar head groups of the lipids. Thus, the ground state stabilization is comparable
to the situation in a polar solvent. Upon excitation the charge is pushed into the
hydrophobic region of the membrane where the vertical excitated state is raised above
its initial energy state in a polar solvent environment, thereby causing a blue shift of
absorption and emission spectra.

Correspondingly the Stoke shift in an anisotropic medium like a membrane is lower
than in the bulk solvent. In bulk solution the solvent molecules surround the dye. If

di-8-ANEPPS is excited the solvent molecules undergo fast reorientation (20x shorter
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time scale than fluorescence lifetime) upon alteration of the electronic configuration
of the dye. This lowers the energy level of the excited state significantly and is the
underlying reason for a higher Stokes shift in a polar solvent. If the effective degree of
freedom is reduced, e. g. a confined environment like a lipid membrane, reorientation

is limited and, thus, a lower Stokes shift is expected as seen in Fig. 4.9

4.2.3 Ratiometric fluorescence spectroscopy

Various techniques have been implemented to date to measure membrane potentials|6,
41, 42]. Very often, the relative fluorescence intensity AF/F following the potential
change is used as the quantity of measurement, that is the fluorescence intensity vari-
ation AF' as normalized to the average fluorescence F at a reference potential. Yet,
AF/[F is not suitable for the determination of absolute potential value in mV. The
reason is, that the relative change AF'/F is not comparable for different preparations,
or even at different points within the same preparation. Variations in staining con-
dition, bleaching or signal strength do not allow the direct calculation of A¢,, out of
AF[F values

One way around is the ratiometric approach. Instead of using absolute values from
integrated fluorescence intensities over one band, the ratio R of two distinct wavelength
regions of the same band can be used as a measurement parameter. The advantage of
this technique is that all interfering sources of noise that affect the whole spectra are
thereby canceled out. This means that the ratio R is insensitive to bleaching, staining
or laser fluctuations. Thus, the signal to noise ratio S/R is considerably enhanced,
which is necessary as most of the potential sensitive dyes, including di-8-ANEPPS,
commonly have a very low signal response in all experimental setups, AF/F (usually
5-10 % maximum). Sometimes the signal strength is not far from the fluctuation of
the excitation light source.

An analog method|18] was applied here to measure the response of di-8-ANEPPS
to membrane potential changes (Fig. 4.10). The spectral regions selected to form a
intensity ratio are found on the blue and the red side of the AF/F = 0 point at A,
which is the potential insensitive point in the spectra (Fig. 4.12). The ratio R is then

formed by
AF|F o

A (4.2)
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where AF/FO\0 is the relative intensity change in the spectral region below Ag. AF/F»\0
is the relative intensity change above A\y. Depending on the sign of the field the fluo-
rescence spectra of the dye is shifted to the blue or to the red side. The intensity in
either side of the spectra changes in opposite directions. That is why R is not only
corrected for noise, but also the strength of the signal is increased and consequently
the sensitivity.

For that purpose a modified confocal microscope setup was established (Fig. 4.11).
The excitation light was directed towards a primary dichroic mirror, separating the
excitation and emitted light. The emitted light was further divided into two spectral
parts using the second dichroic mirror. In each beam path the light passes an emission
filter of appropriate choice and a pinhole before it is finally detected by APDs. A
combination of various emission filters were tested in terms of S/R and signal strength
before a final choice was made. If the fluorescence intensity was too low, the pinhole
diameter was increased appropriately in order to increase the detection volume within
the sample, in those cases, the microscope was not operated in the confocal mode
anymore. The details of the chosen combination of dichroic mirror and emission filters
are explicated in Fig. 4.11. The relative intensities I; and Iy of the emitted light in
each path were further processed offline by formation of the ratio R, digital filtering
and normalization to the reference potential A¢yg.

The region of interest of the emission spectrum of di-8-ANEPPS defined by the
selected combination of emission filter/dichroic mirror is presented in Fig. 4.12 using
the difference spectrum calculated from the examplified spectral shifts in Fig. 4.11.

An external voltage u(t) was applied to the planar electrode support through a
waveform generator and connected to a potentiometer using a three electrode configu-
ration described before (??7). The time dependent fluorescence response of the dye to
u(t) was measured. However, before analyzing the results preliminary considerations
have to be taken regarding the response of A¢,,(t) to u(t).

The aim of this work (see section 1.3) is to relate quantitatively the membrane
potential induced by u(t) in a ptBLM to the fluorescence intensity change. The self-
generated A¢,,(t) is a potential difference across the membrane. In the ptBLM ge-
ometry, where a sub-membrane space below the lipid/protein layer adjacent to the
working electrode exists, this potential difference is not necessarily equal to the ap-
plied voltage u(t). However, calculations based on a electrical network model and

using the electrical parameters derived from EIS measurements in chapter 3 provide
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Figure 4.10: Spectral shifts of the emission of di-8-ANEPPS presented schematically
for a random membrane potential Ay. The graphs (a) and (c) show the
shift upon (b) depolarization and (d) hyperpolarization. E is the field
gradient of the transmembrane potential A.
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Figure 4.11: Depiction of the ratiometric fluorescence spectroscopy setup; excitation
light used was the 488 nm line of an Ar Laser, BS1 primary dichroic mirror
HFT488, O1 water immersion objective 40x/1.2NA, BS2 secondary beam
splitter NF'T 635, M1 mirror, IF1 interference filter BP 530-600, IF2 in-
terference filter LP 650, PH1/PH2 pinhole, APD1/APD2 avalanche pho-
todiode; the electrochemical cell, WE transparent working electrode, CE
counter electrode, RE reference electrode; the resting potential A¢y = 0.
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Figure 4.12: Difference spectrum of the spectral shift in Fig. 4.10. The color code
for the shift direction is analog to Fig. 4.10 The transmission band of
the emission filters IF1/IF2 in Fig. 4.11 are presented as blue and red
boxes, also indicated is the the secondary dichroic mirror from the setup
in Fig. 4.11 (solid line at 635nm).

Aoy, (t) values for a defined u(t). This model calculations are now described in detail.

4.2.4 The response of the transmembrane potential in a planar

BLM to an external voltage

The rise time for the membrane potential following a voltage waveform, e. g. a
square wave applied directly across the membrane employing a voltage clamp or planar
electrode configuration, is determined by the product of the membrane resistance
and capacitance and is therefore usually in the ms time domain and independent of
geometry. If the waveform of the external signal u(t) has a frequency far enough above
the time constant of the RC equivalent of the membrane, the membrane potential
Ag,,(t) follows instantaneously the voltage signal. The phase shift between u(t) and
Aoy, (t) is negligible.

This simplified view is true for many cases, though the charge transfer processes in a
real lipid bilayer and its effect on A¢,, can not be modeled using simple passive circuit
elements like resistors and capacitors. Even in the simplest configuration like the
tethered BLM, where potential dependent passive ion transport through the membrane
not mediated by any protein occurs, a different model accounting for the kinetics of

ion transport is required. An attempt had been made in this regard to use potential
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dependent rate equations, however, this model was not able to incorporate the electric
field and the concentration gradients throughout the system. Hence, a model that
also includes mathematical formulation of the transport process across the membrane
beside the passive circuit elements has been developed. This model adopts a more
general approach utilizing the integrated Nernst-Planck equation instead of focusing
on particular mechanisms. In

cinexpW¥—c¢;o

o, = PV @:M

exp¥ -1 "~ RT

(4.3)

the flux ®; of the ith ion is related to the permeability coefficient P;, the ion con-
centrations ¢;; and ¢; 2 on either side of the membrane and the membrane potential
A¢,,. Moreover, z; is the charge number and R, T, F' the usual constants. The current
density j; is then described by

Ji = zi F®; (4.4)

and the time dependence of the membrane potential can be calculated from
d 4
£A¢m =(J - Z]i)/cm (4.5)

where J denotes the electrical current density running through the system and detected
by the measurement device, C,, is the membrane capacitance.

The model was expressed in a electrical network presentation, where the parameter
values described are assigned to the network elements. An electrical simulation pro-
gram written in SPICE (Simulation Program with Integrated Circuit Emphasis) was
used to investigate the time trace of Ag,, following a voltage waveform. The detailed
description of the SPICE model and simulation procedure, which was developed in
our group is presented in[113].

The time dependent change of A¢,, in a tBLM on ITO (section 3.2.3) was analyzed

using the SPICE simulation program. A voltage square wave
Uo .
u(t) = Upias + 5 {1 +sgn(sint)} (4.6)

using a bias potential up;,s and amplitude uy was implemented. For the network el-
ements averaged values of the fitted parameters in chapter 3 were used. The values

from 3.2.3 were assigned in first place; membrane capacitance C,,—121F/cm?, elec-
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Figure 4.13: Example of the simulated potential differences A¢,, (dashed line) and
A, (solid line) during re-equilibration of ions at different potential steps
up (inset); up is (red) 80 mV, (black) 100mV and (blue) 120mV.

trolyte resistance R,;—=100Q-cm?. C,. was set to 15uF. The geometrical parameter
Vir, volume of the spacer region, was estimated to be 0.221L/cm2. KCl was used to
prepare a phosphate buffer solution (PBS), thus, the charge numbers of the ions K
and Cl~ were

ZK=1 ZClZ—l

and the bulk concentration
Ck =Ccl = 0.1 M.

The temperature was set to 25°C, further parameter settings are described in the
appendix|[113].

The distribution of potential differences across the layered structure following the ap-
plication of single step potentials using different ug at up,s—0 was analyzed (Fig. 4.13).
Only in a short initial phase, before any appreciable ion transport does occur, the ap-
plied potential drops mainly across the lipid membrane, A¢,,, as intuitively expected
from the lower capacitance of the membrane compared to that associated with the

spacer region, and the high resistance of the lipid bilayer. The potential differences
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Figure 4.14: Simulation of the fast initial phase of the A¢,, built up at varying spacer
region capacitance Cg; (red) 5pF, (black) 8 pF, (green) 10pF, (blue)
12pF and (purple) 15pF. The membrane capacitance was 12pF. The
peak value of the potential difference is determined by eq. 4.7.

formed in the fast initial phase A¢,, and A¢,. are determined by

C
Ad,, = ug—2 47
¢ uoCm+CST (4.7)
C
Ay, = ug—"" 4.8
vethE s, 9

In the course of the repartitioning of ions the distribution of potential differences is
shifted towards the spacer region and, after equilibration of the ions, almost all of the
applied potential drops across the capacitance Cg which accounts for the balance of
charges at the electrode surface. The overall process of repartitioning is biphasic and
takes course within time ranges of up to 12h.

In a second step, the initial phase in the time trace of Fig. 4.13 was further analyzed.
In Fig. 4.14 the response of the membrane and spacer region potential difference, A¢,,
and Ag,,. to a voltage step ug of 80 mV, is presented. After a fast built up to the
maximum value determined by eq. 4.7, no significant change in A¢,, and Ag¢, could
be observed.

Therefore, in order to allow the membrane potential to instantaneously follow a
periodic voltage signal, the frequency of the applied signal has to be chosen appropri-

ately, i. e. the time period of the signal has to be short enough, so that repartitioning
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Figure 4.15: Example of the simulated response of potential differences A¢,, to a
square wave voltage with varying amplitude ug. The amplitude of the ex-
ternal voltage; (red) 80 mV, (black) 100mV, (blue) 120mV and (green)
150mV. The membrane capacitance was set to 12pF and that of the
spacer region 15 uF

of ions can be neglected. On the other side, the time length of a series of voltage

pulses needs to be long enough compared to
T = Rz (Cy, + Csc) (4.9)

since the membrane potential A¢,, must built up to its maximum value and the pulse
to pulse variation should be kept low.

In Fig. 4.15 the applied square wave voltage u(t) and the response Ag,, of the SPICE
model circuit to u(t) are shown as an example. The frequency and bias potential of the
applied external voltage are 10 Hz and 0 mV respectively. The amplitude ug was varied
between 80 mV, 100 mV, 120 mV and 150 mV. The membrane potential A¢,, rises with
a single exponential and the time constant is determined by the conductivity of the
buffer solution and the overall capacitance consisting of Cg, and C,,. The membrane
potential builds up to reach 42mV at ug=80mV, 52mV at up—=100mV and 62mV at
up—120mV. At the trailing edge of the applied square wave the process reverses and
A¢,, drops down to zero.

The simulations show that passive ion transport through the membrane has to be

considered, if the time period of the applied periodic voltage signal is within the time
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range where repartitioning of ions has an effect on A¢,,. For the experiments described
now 10 Hz square wave signals of the form eq. 4.6 were applied to the tBLM and gel
supported ptBLM on ITO. Hence, the repartitioning of ions causing a decrease of
A¢,, could be neglected. A¢,, and accordingly the fluorescence signal should follow
the time trace of the external command voltage as derived from the simulations in
(Fig. 4.15).

4.2.5 Fluorescence spectra of the di-8-ANEPP dye in a tBLM

The potentiometric probe di-8-ANEPPS was used to measure the potential induced
by a square wave voltage applied to the tBLM on ITO. The model membrane was
presented in section 3.2.3. In the experiments described now, modulation of dye
fluorescence was recorded utilizing the ratiometric technique.

Stock solutions of di-8-ANEPPS were prepared in a MeOH/DMSO (9:1) solution
containing Pluronic-F127 (0.05 % v/v) and stored at 4°. The tBLM was stained 30 min
by introduction of 20 mM di-8-ANEPPS. Excess dye was removed by several washes
using PBS. The excitation wavelength was 488 nm. The resting potential, the bias of
the voltage signal, was kept constant at up;,s=-80mV throughout the whole experi-
ments.

The amplitude ug of the square wave signal was set to 120mV. From the discussion
in section 4.2.4 it was concluded that the actual potential difference over the mem-
brane in planar BLMs strongly depends on the parameters of the system such as the
spacer region capacitance. For that reason, SPICE simulations were conducted to
calculate the actual membrane potential A¢,, in our system for each amplitude using
the resistance and capacitance values derived from EIS measurements (section 3.2.3).
According to this data the 120 mV potential step of the external voltage from -80 mV
bias would correspond to a A¢,, step from -50mV to +70mV. However, from now on
potentials stated in this section refer to Ag,, calculated from the applied voltage, i.e.
the setting at the waveform generator (upias and upias), as described in the previous
section.

The fluorescence intensities in the blue and the red region of the spectra were
recorded. A multistage signal processing scheme was performed afterwards for ratio
formation and noise reduction (section 4.2.3). Briefly, the emitted light was sepa-

rated into two ’channels’ using a beam splitter (635 nm). The light guided to a band
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Figure 4.16: The rising edge of a single membrane potential pulse. The edge was fitted
using a single exponential function (red line).

pass filter (530-600nm) is denoted as the 'blue channel’, whereas in the ’red channel’
light is guide through a long-pass filter (650 nm). The two fluorescence signals were
captured by a pair of equivalent APDs. Each of these detectors was simultaneously
sampled during the time the laser beam dwells at a particular recording site. These
measurements were then digitized and a ratio was formed between these corresponding
observations. Each of the two fluorescence signals contains all fluctuations originating
from background sources and were conveniently removed during the ratio formation
process.

In Fig. ??7 an example of the modulated fluorescence intensity AF/F of di-8-
ANEPPS is presented. The response to an oscillating electric field could be detected
by signal averaging. The time trace was derived by averaging of 300 independent
recordings, each having a length of 1s. The sign of the response depends on whether
the dye is located in the outer or inner leaflet of the membrane. In our case, where
di-8-ANEPPS is located in the outer leaflet, the fluorescence intensity change in the
red channel and the square wave signal are expected to be of the same sign, which is
also reflected by the data in (Fig. 4.17b). The trace of the optical signal follows a sin-
gle exponential function. In many cases, the system is adequately described by a RC
equivalent circuit, the time constant is 3 ms for the tBLM in Fig. 4.16. The kinetics
are independent of dye concentration but do depend on KCI concentration since this
controls R in (4.9). The slope of the membrane hyperpolarization and depolarization

(Fig. 4.16) was fitted using single exponential exp(-t/7). The value obtained, 2.7 ms,
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uy / mV Rn
30 0.022 £ 0.03
50 0.03+0.032
80 0.048 +£ 0.036
120 0.067 +£0.034

Table 4.1: The change of the ratio R, in a tBLM at different amplitudes uy of the
square wave voltage. The bias potential was at -50mV.

is within the range calculated for the tBLM on ITO.

The size of the response AF/F was typically 5% of the total transmitted light
signal at 488 nm excitation for a +120 mV potential step (Fig. 4.17). But this relation
between membrane potential and AF/F was inconsistent if compared for different
samples, or different recording sites of the same sample. This trial-to-trial variation
was reduced when the ratio R was formed between the red channel and the blue
channel (Fig. 77). However, in similar studies on cell membranes it was found that,
there was a considerable variability in the absolute magnitude of R. The results became
much more consistent in this regard, if a normalized parameter R, was introduced.
It is formed by subtraction of a reference value Ry at 0 mV membrane potential from
the measured signal R. Under our experimental conditions, R, can be used to infer

absolute potential changes.
R,=R-Ry (4.10)

R, was formed in the experiments described here for varying amplitudes u, of the
external square wave voltage and a bias potential of -50mV (Fig. 4.18b). The results
show a linear relation between R,, and the membrane potential A¢,,. Using this values
the conversion factor of R, to mV could than be determined from the linear fit. Under
our experimental conditions the factor was 0.03-0.05 per 100 mV potential change and
considerably lower than the values reported for similar experiments on lipid bilayer of
different geometry[59]. The limit of detection (LOD) was reached at 30-50 mV, where

the R, value was close to the background noise level.
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Figure 4.17: The ratiometric membrane potential signals according to the signal pro-

cessing scheme described in the text. (a) The membrane potential is in-
duced by external square wave voltage with an amplitude of 120mV and
a bias potential of -80mV (see eq. (4.6)). (b) The fluorescence change
of the red (>635nm) and (c) blue channel (<635nm) was recorded (see

section 4.2.3). (d) A ratio R was formed from these signals and the nor-
malized value R, was calculated.
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Figure 4.18: The change of the ratio R, in a tBLM on ITO at different amplitudes uy
of the applied square wave voltage. (a) An example showing the square
wave pulse for up 120mV (black) and 30mV (red). Resting potential was
-50mV. (b) The values are averages of ten square wave pulses and the
error bars indicate the resulting standard deviation of R, at each voltage,
which was always around +0.03 (Tab. 4.1).

4.2.6 Membrane potential in a ptBLM measured by

ratiometric fluorescence spectroscopy

The feasibility of the ratiometric emission spectroscopy for the measurement of the
membrane potential in planar membrane systems was shown by means of a tBLM on
ITO. Using the same experimental conditions the membrane potential in a ptBLM
was measured.

The dye Di-8-ANEPPS is incorporated only into the lipid bilayer patches formed
between the proteins. For that reason, it was expected that the total emitted intensity
in a ptBLM will be considerably lower compared to the measurements in a tBLM,
where 100 % of the layer consists of lipids and, hence, the bilayer is stained to a higher
degree. Even though R, should be independent of staining condition, in general, this
would somehow result in a decreased S/R and a lower sensitivity of our ratiometric
measurement to potential changes in a hydrogel-supported ptBLM compared to those
in the tBLM.

The samples were prepared according to the procedure described in the previous
section. An identical setup for the ratiometric approach was used and the voltage

signal had a frequency of 10 Hz. The capacitance of the spacer region, which is formed
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Figure 4.19: Time traces of R,, for a ptBLM (red) and tBLM (black). The square wave
voltage applied had an amplitude of 120mV and a bias of -50mV. The
dashed line indicate the zero level and the magnitude of each signal.

by the hydrogel support increases drastically compared to the short linker monolayer
in the tBLM, due to the uptake of water. This was taken into account when the
external voltage bias was applied to the system. In order to be able to compare the
results from the tBLM with those from the ptBLM system, the effective membrane
potential applied should have equal magnitudes. Because of the high water amount in
the gel, it was assumed that the potential applied will almost completely drop over the
membrane, contrary to the tBLM case, where a low capacitance of the spacer region
causes a lower potential difference over the membrane. Consequently, the bias up;as in
eq. (4.6) was hold at -50 mV during this experiment.

The magnitude of R, at 120mV was 0.05. The time constant of the membrane
depolarization and hyperpolarization, i.e. the edges of the square wave voltage pulse,
was derived from the time trace of R, by least squares fit using a single exponential
function. The result 2.3ms is close to the calculated value eq. (4.9). The potential
step 1y was also varied from 80mV to 120 mV. However, because of the low S/R of
the measurements in a ptBLM the sensitivity was also low. In order to determine
the absolute voltage resolution in our system, the smallest resolvable voltage step was
recorded. The criterion was that the resulting step in R, could be clearly separated

from a baseline at -50 mV. The smallest potential change detectable was 80 mV.
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1 / mV | Rn
80 0.005 +0.044
120 0.029 + 0.049
150 0.05+0.044

Table 4.2: The values of R, in a ptBLM at different amplitudes of the square wave
potential. The bias potential u;,s was set to -50mV

4.3 Summary

In summary, fluorescence spectroscopy was performed on hydrogel-supported ptBLMs.
The fluorescent LHCIT was used in a first place to form the ptBLM. Emission spectra
of LHCII were measured and it was shown that the spectra was comparable to those
recorded in bulk phase. The data showed that fluorescence spectroscopy could be
applied on the hydrogel-supported ptBLM on ITO with high sensitivity. The LHCII
was then tested as a probe for the membrane potential. However, strong bleaching
effects did not allow detection of changes in membrane potential differences. Hence the
potential sensitive dye Di-8-ANEPPS was used. Di-8-ANEPPS was incorporated into
the lipid bilayer patches formed between CcO. Membrane potential changes were mea-
sured by ratiometric emission spectroscopy. Potential changes with down to 80 mV,
i.e. the smallest resolvable potential change, could be detected. The absolute voltage
resolution was lower compared to the reference measurements in tBLM. This could
be explained by the smaller lipid amount in the ptBLM. A conversion factor of 0.05
in R, per 100mV was derived from the tBLMs on ITO as a reference system. The
results prove that the important parameter A¢,,, not accessible by electrophysiolog-
ical approaches on planar membrane systems like the ptBLM, can be measured by

fluorescence spectroscopy.
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Conclusion and Outlook

The ratiometric fluorescence technique was shown to be a general approach for the
measurement of the potential difference A¢,, across the lipid membrane in a protein-
tethered BLM induced by externally applied voltage. The results derived from these
measurements can be used as a basis for future investigation of the self-generated A¢,,
of CcO in a ptBLM.

In order to be able to apply the ratiometric fluorescence spectroscopy simultaneously
with electrochemical measurements a new functionalization strategy for the ptBLM
on ITO had to be developed, which is different from the previous one for novel metal
substrates. The ITO layers commercially available proved to be inappropriate for this
purpose. The electrical properties and the surface morphology were not reproducible.
Consequently, the work started with the optimization of the ITO layer properties us-
ing different sputtering parameters. The surface pattern of these layers showed small
spikes with a height of 10-15nm and a sheet resistance of 15-20Q/sq. EIS and CV
measurement on bare ITO using a redox species proved that such a low sheet resis-
tance is an important feature for the application of electrochemical techniques on ITO.
Further, the optimized sputtering parameters provide reproducible results regarding
the layer properties. Thus prepared ITO layers can be functionalized for protein im-

mobilization, for example to form the ptBLM on the electrode surface.

However, the ptBLM system had not been established yet on oxidic surfaces like
ITO. Therefore, silicon wafer were used as a well defined test substrate. The first
functionalization method employed silanization of the electrode surface. A custom

made NHS-silane was used. The ptBLM on NHS-silane modified silicon was prepared.
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EIS data showed that a ptBLM could be formed on the naturally grown silicon dioxide
layer on the wafer. The same conditions for silanization using NHS-silane were used
for the ITO substrate. A ptBLM was than formed on ITO. The activity of the cy-
tochrome c oxidase from P. denitrificans could be detected by cyclic voltametry using
its substrate cytochrom c in the reduced form, though the catalytic current proved to
be small compared to a similar system on gold. The reason for the weak activity is an
imperfect lipid bilayer formation on I'TO, which can be explained by the high surface
roughness of the ITO with spikes covering the entire surface. The short linker molecule
to the solid support had no ’smoothing’ effect. This drawback can be overcome by a

soft macromolecular support instead of the short linker molecules.

A new approach in the direction of polymer-supported BLM is the hydrogel- sup-
ported ptBLM. A thin hydrogel P(HEAAm-co-NTAAAm-co-MABP) layer is used as
a soft 'cushion’ on indium tin-oxide (ITO), providing a smooth, functional surface to
form the ptBLM. The gel-support with mesh sizes smaller than the size of the protein
was shown to result in very robust planar lipid bilayers, exhibiting good electrical
sealing properties (1-5 MQ-cm?). Cytochrome c oxidase could be easily incorporated
in a functionally active form. Furthermore, the use of ITO as a conducting and wave
guiding substrate allowed us to address the question of the anisotropy of the surface
layers. A well-ordered lipid bilayer should exhibit different optical properties in dif-
ferent spacial directions. The same argument holds to a lesser extent for an ordered
and oriented protein monolayer. The experimental proof of this anisotropy is hard to
achieve and hence information about the proper arrangement of a protein/lipid layer

1s scarce.

Owing to their multi-mode approach wave guide measurements have the potential to
access these properties. The advantage of ITO layers is that they can be used as a wave
guide as well as a substrate for electrochemical measurements. However, preparation
conditions need to be optimized carefully. The thickness needs to be compromised vs.
stability and surface roughness of the ITO. Surface roughness that was deteriorated by
grain protrusions could successfully be overcome by coverage with the hydrogel. The
polymer layer in turn had to be kept at a thickness of around 60 nm in order to ensure
a smooth surface for the protein/lipid layer. About 60 nm layer thickness is suffi-

cient to mimic the submembrane space. Small molecules such as cyt ¢ penetrate easily.
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The P(HEAAm-co-NTAAAm-co-MABP) proved to be a good approach towards
gel-supported ptBLM with mesh sizes below the size of the protein. This ensures that
the protein preferentially binds to the top layer so that a lipid layer exclusively forms
at the interphase between polymer and water. The lipid bilayers seem to preserve
a certain flexibility as shown by cyt ¢, which was able to penetrate the lipid layer,

despite its high electrical sealing properties.

Ratiometric emisson spectroscopy was performed on hydrogel-supported ptBLMs.
The fluorescent LHCIIb was used in a first place as a test protein to form the pt-
BLM. Hereby the effect of ITO on the emission properties of fluorescing species could
be investigated. The LHCIIb complex is incorporated into the ptBLM, hence, the
chromophores are located within the hydrophobic interior of the lipid bilayer and the
emission property of LHCIIb becomes sensitive to the surrounding electric field. An
attempt was made, to utilize LHCIIb as a probe for the membrane potential. How-
ever, strong bleaching effects and low sensitivity did not allow detection of changes in

membrane potential differences.

The potential sensitive di-8-ANEPPS was used as an alternative probe. Prior to
incorporation of di-8-ANEPPS into the ptBLM together with cytochrome c oxidase,
the efficiency of the dye was tested in a tBLM system. Membrane potentials induced
by defined square waveform voltage pulses were successfully measured. These data
provided a conversion factor in terms of the ratiometric parameter R, (0.05/100mV)
for the quantitative measurement of the membrane potential in tBLMs. Potential
changes down to 30-50 mV were resolved in this system, which was also defined as the

the limit of detection (LOD), i.e. the smallest resolvable potential change.

The most significant result of this work was the measurement of the membrane
potential induced in a gel-supported ptBLM by an external voltage waveform. The
primary aim of this work was accomplished with it. The data provide a basis for the
measurement of the self-generated A¢,, of CcO in a ptBLM. Though, the absolute volt-
age resolution was lower compared to the reference measurements in tBLM (50mV).
However, this can be explained by the smaller lipid amount in the ptBLM. The dye is

incorporated only into the small bilayer patches between the proteins. The sensitivity
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can be further increased by future developments in the design of voltage sensitive dyes.

In conclusion, the membrane potential plays a crucial role in many cell membrane
process. The catalytic activity of CcO is closely linked to A¢,,. On the other side,
model membrane systems like the ptBLM offer a general approach for the investiga-
tion of membrane proteins. However, the parameter A¢,, is hard to access in this
configuration, where the BLM is in close proximity to the electrode surface. To the
present, there have been no direct measurements of A¢,, in planar, solid-supported
BLMs like the one presented here. The gel-supported ptBLM system on transparent
conducting substrates like ITO offers a great platform in order to measure membrane
potentials such as the Ad¢,, induced by applied electrical potentials. Furthermore,
the ptBLLM technology allows the incorporation of a large variety of His-tagged mem-
brane proteins, thus making the techniques presented here an interesting tool for the

investigation of the correlation between protein activity and membrane potential.
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Materials and Methods

A.1 Chemicals

Chemicals used during this work and the companies they were purchased from:

Ammonia (NH3): 32 % [WTL Laborbedarf GmbH]
ANTA: No/ ,Na” -bis(carboxymethyl)-L-lysine (C,,H;4N,Og) [Fluka]
DDM: n-Dodecyl-8-D-maltoside [Sigmal

DiPhyPC: 1,2 Diphytanoyl-sn-Glycero-3-Phosphocholine [Avanti Polar Lipids,
Inc|

Acetic acid (CyH,O,) [Flukal

Gold: 99,99 % [ESG Edelmetall Service GmbH& Co. K]
Potassium chloride (KCI1) [Sigmal]

Potassium carbonate (K,CO;) [Sigmal]

Potassium hydroxide (KOH) 85 % [WTL Laborbedarf]
Potassium phosphate (K,HPO,)

Nickel(IT)-chloride Hexahydrate (NiCl, -6 H,O) [Fluka]
Platin wire: diameter 0,1 mm, 99 % [Chempur]
Hydrochloric acid (HCI) 37 % [WTL Laborbedarf]
Sulfuric acid (H,SO,) [Acros Organics]
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e Silver wire: diameter 1,0 mm, 99 % [Chempur]
e Nitrogen gas, purity 4 [Westfalen AG, Miinster]
e Hydrogen peroxide (H,0O,) 35% [Sigma]

e Sodium dithionite [Fluka]

e Cyt c: Cytochrome c, bovine heart [Sigma)

e CcO: Cytochrom ¢ Ozxidase (Paracoccus denitrificans, histidine-anchor at subunit
I) Prof. Bernd Ludwig, University of Frankfurt

e Biobeads SM-2 adsorbent 20-50 mesh [Bio-Rad Laboratories, Inc.|

e LHCIIb: light harvesting complex, LHCb1*2 (AB80) from pea (Pisum sativum)
with Cys79 replaced by serine (His-tag at C-terminus), Prof. Paulsen, University
of Mainz

PBS buffer was prepared on a routine basis using 0.1 M KCl, 0.06 M K,HPO,. The
buffer solution was titrated to pH 8 using HCI.

A.2 Fluorescence Measurements

The FCS module Confocor 2 (Fig. A.1) in a confocal microscope (Carl Zeiss Jena,
Germany) was employed for the ratiometric fluorescence measurements presented in
chapter 4. During FCS recording a raw data file containing all photon counting events
was produced. The file was processed offline for averaging and ratio formation using
Matlab (Mathworks, Inc., MA, USA). For fluorescence imaging the laser scanning
image module (LSM 510) of the same microscope was used (Fig. A.2).

A.3 Preparation of the ITO Layer

The ITO layer was deposited on float glass (Menzel, Braunschweig, Germany). Glass
slides were cleaned in piranha solution (H20:H2S0O4:H202; 5:1:1 v/v) and rinsed using
DI water. ITO was deposited by DC magnetron using the parameters described in
chapter 3. Sputtering was performed using a Balzers sputtering system (Oerlikon
Balzers Lichtenstein). The target used was a 3 inch In203:5Sn02 (90:10) (MaTeck,

Juelich, Germany). Series of slides were always prepared on the same day. After
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Figure A.1: FCS module of the Zeiss confocal microscope.
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Figure A.2: LSM module of the Zeiss confocal microscope for fluorescence imaging.
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deposition under each parameter set used the sheet resistance Rg was measured by a

four-point probe method according to Van-der-Paw.

A.4 Preparation of P(PFPA-co-MAPB) Coated ITO

he ITO coated glass slides were functionalized with the BP-silane as described earlier|37].
On top of the silane layer the reactive copolymer P(PFPA-co-MAPB) was spin-coated
from chloroform (1% w), dried over night at 50° in a vacuum and cross linked by

photopolymerization with a wavelength of 254nm and a total energy of 60 J/ cm?.

A.5 Functionalization with NTA

The polymer-coated ITO samples were incubated for 2 h in an aqueous 0.15 M (ANTA)
solution (pH 9.8, 0.5 M K,CO, buffer) and after 2 h ethanolamine (5 mM) was added
to the same solution. The samples were left for a further 30 min in the solution and

subsequently rinsed using Milli(Q) water.

A.6 Electrochemical Measurements

Electrochemical measurements were taken in a three-electrode configuration where the
ITO slide was used as the working, a home-made Ag/AgCl (sat. KCL) as the refer-
ence, and a platinum wire as the counter electrode. Electrochemical impedance spec-
tra and cyclovoltammetry measurements were performed using Autolab instrument
PGSTAT302 (Eco Chemie, Utrecht, Netherlands) equipped with a FRA2 module for
frequency response analysis, an ECD-module amplifier for low currents and a SCAN-
GEN module for analog potential scanning. Spectra were recorded in the frequency
range from 100 kHz to 0.003 Hz using an amplitude of 10 mV. Resulting spectra were
analyzed by Zview (Version 2.6, Scribner Associates, Southern Pines, NC) by complex

nonlinear fitting of the data to a model circuit
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A.7 Surface Plasmon Resonance Optical Waveguide
spectroscopy (SPR/OWS)

SPR/OWS was performed in a custom made setup described previously using the
Kretschmann-configuration. The glass slide (LaSFN9 glass from Hellma Optik, Jena,
refractive index n—1.8385 at 632.8 nm) was optically matched to the base of a 45° glass
prism (LaSFN9). Monochromatic light from a He/NeLaser, (Uniphase, San Jose, CA )
was directed through the prism and collected by a custom made photodiode detector.
The glass slide was provided with a multilayer system starting with a 41 nm thick
gold layer electrothermally evaporated on top of 2nm thick Cr adhesion layer. A
680 nm thick ITO layer was then sputtered onto the gold layer under the conditions
described above and the surface was spin-coated with P(HEAAm-co-NTAAAm-co-
MABP). ITO served as the guiding media as well as the working electrode. Change
of Neg (dNeg) for varying ITO thickness was simulated using n=1.9065 for ITO taken
from ellipsometry measurements. The simulation software package used was CAMFR
(CAvity Modelling Framework, INTEC, Universiteit Gent).

A.8 Atomic Force Microscopy (AFM)

Atomic force microscopy was performed using the AFM Dimension 3100CL Olympus
(Veeco Instruments Inc, NY) in tapping mode with a silicon cantilever. The height
profile images were analyzed in terms of root mean square (RMS) and peak-valley

height also denoted as Z-range (Nanscope software v2.5r, Veeco).

A.9 Preparation of Reduced Cyt c

The stock solution of reduced bovine heart cyt ¢ (Sigma Aldrich, St. Louis, MO) was
prepared by adding 5mg of sodium dithionite to an aqueous solution of 40 mg cyt c

in 1 mL PBS. The reducing agent was removed subsequently by gel filtration utilizing
a Sephadex column (G-25 M, GE Healthcare Bio-Science AB, Uppsala, Sweden).
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Design of Measurement Cell

A flow cell for fluorescence spectroscopy and electrochemical measurements was devel-
oped. The flow cell consists of a 1.6 mL compartment for the buffer solution. Ag/AgCl
reference and a silver wire counter electrode are connected to the cell. The ITO coated
coverslip is the working electrode. A gold plate is pressed against the ITO surface out-
side the cell compartment during cell assembling. The gold plate is than connected to

the potentiostat using a clamp.
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Figure B.1: Blueprint of the flow cell employed for fluorescence spectroscopy measure-
ments. The cell is designed for simultaneous application of electrochemical
methods and fluorescence spectroscopy. The body of the cell is made of
polyether ether ketone (PEEK). The location of the electrodes and the
objective of the inverse confocal microscope are also shown.
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Figure B.2: Blueprint of the main part of Fig. B.1.
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