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Abstract

The membrane protein Cytochrome ¢ Oxidase (CcO) is one of the most im-
portant functional bio-molecules. It appears in almost every eukaryotic cell
and many bacteria. Although the different species differ in the number of
subunits, the functional differences are merely marginal. CcO is the termi-
nal link in the electron transfer pathway of the mitochondrial respiratory
chain. Electrons transferred to the catalytic center of the enzyme conduce
to the reduction of molecular oxygen to water. Oxygen reduction is coupled
to the pumping of protons into the inter-membrane space and hence gen-
erates a difference in electrochemical potential of protons across the inner
mitochondrial membrane. This potential difference drives the synthesis of
adenosine triphosphate (ATP), which is the universal energy carrier within
all biological cells. The goal of the present work is to contribute to a better
understanding of the functional mechanisms of CcO by using time-resolved
surface enhanced resonance Raman spectroscopy (TR-SERRS). Despite in-
tensive research effort within the last decades, the functional mechanism of
CcO is still subject to controversial discussions.

It was the primary goal of this dissertation to initiate electron transfer to
the redox centers Cuy, heme a, heme a3 and Cup electrochemically and to
observe the corresponding redox transitions in-situ with a focus on the two
heme structures by using SERRS. A measuring cell was developed, which
allowed combination of electrochemical excitation with Raman spectroscopy
for the purpose of performing the accordant measurements. Cytochrome ¢
was used as a benchmark system to test the new measuring cell and to prove
the feasibility of appropriate Raman measurements. In contrast to CcO
the heme protein cc contains only a single heme structure. Nevertheless,
characteristic Raman bands of the hemes can be observed for both proteins.

In order to investigate CcO it was immobilized on top of a silver sub-
strate and embedded into an artificial membrane. The catalytic activity of

CcO and therefore the complete functional capability of the enzyme within
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the biomimetic membrane architecture was verified using cyclic voltamme-
try. Raman spectroscopy was performed using a special nano-structured sil-
ver surface, which was developed within the scope of the present work. This
new substrate combined two fundamental properties. It facilitated the for-
mation of a protein tethered bilayer lipid membrane (ptBLM) and it allowed
obtaining Raman spectra with sufficient high signal-to-noise ratios.
Spectro-electrochemical investigations showed that at open circuit po-
tential the enzyme exists in a mixed-valence state, with heme a and and
heme a3 in the reduced and oxidized state, respectively. This was considered
as an intermediate state between the non-activated and the fully activated
state of CcO. Time-resolved SERRS measurements revealed that a hampered
electron transfer to the redox center heme as characterizes this intermediate

state.
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Chapter 1
Motivation

"The cost of living”, an article by Peter Rich published by Nature in 2003
provides a remarkable and amazing calculation of what is needed — from the
energetic and biochemical point of view — just to keep a human being alive
[1]. A synopsis of this article is given in the next paragraph and is meant
to motivate and to arouse interest in the reader for the scientific field of

mitochondrial respiration.

The human body is a complex biological system of its physiological func-
tions, which are based upon biochemical and molecular processes. It is not
surprising that this complex structure requires energy even at rest. The
amount of energy needed is quite amazing. At rest approximately 100kcal/h,
corresponding to 420 kJ /h or 116 W, are needed. Under working conditions
this is increased by a factor of up to six. Energy is stored in the form of
adenosine triphosphate (ATP) and released by cleaving a phosphate group
of ATP. A billion years ago the early eucariotic cell was invaded by a bac-
terium having a highly efficient system for utilizing available energy sources —
the oxygen consuming respiratory chain, at the end of which ATP was synthe-
sized. The genetic information was transferred to the nucleus, whereby the
former bacterial symbionts were transformed into mitochondrial organelles.
Therefore, today the major aspects of bacterial and mitochondrial respiration

coincide.

In 1966 Peter Mitchell [2] won the Nobel Prize for showing that ATP syn-

1
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thesis is driven by a protonmotive force, which is coupled to electron transfer.
After all, electrons derived from food by a series of metabolic reactions are
consumed in converting the oxygen we breathe into water. The five protein
complexes forming the respiratory chain are embedded into the inner mito-
chondrial membrane. The ion-impermeable membrane seals the matrix from
the inter membrane space. Therefore energy can by stored by building up pH
and charge gradients across the membrane. Complex I, IIT and IV are known
to pump protons into the inter membrane space, while complex V uses this
gradient as the driving force for ATP synthesis. Complex IV - Cytochrome ¢
Oxidase (CcO) - the most important link in this chain is the central element
of the work presented in this dissertation. In order to illustrate the incredi-
ble performance of the respiratory chain and to envision the significance of
efficiency an easy calculation is performed at this point:

Considering the 116 W an average human needs at rest, the basic physical
law of electrical power (P = U - [ )EI and the potential difference of 200 mV
across the inner mitochondrial membrane, a current as high as I = 522 A =
522 C/s results. A single proton carries a charge of 1.6 - 1071 C. The current
of 522 A is therefore equal to a flux of 3-10%! protons per second. Assuming
3.3 protons consumed on average for the synthesis of one ATP molecule [I]
from ADP, this corresponds to a total of 9 - 102° ATP Molecules per second or
7.8 -10% per day. The molecular weight of ATP is 507.18 g/mol. Therefore,
the turnover rate of ATP is 65.7 kg per day.

In fact roughly 90% of the oxygen we breath is used to power this enor-
mous turnover of the respiratory chain. The finding that the catalytic center
of Cytochrome ¢ Oxidase is the site where the oxygen is reduced to water
[3] emphasizes the fundamental importance of this enzyme. An adult male
consumes around 380 liters of oxygen every day in order to cover the en-
ergy demand. Hence approximately 340 L or 14 mol dioxygen are reduced
to water by Cytochrome ¢ Oxidase every day. During one catalytic cycle
four electrons are consumed and one dioxygen molecule is reduced to water.
Considering 2- 10 molecules of CcO in the human body, approximately 20

electrons per second must be transferred to the catalytic center of every CcO

P, U and I represent the power, voltage and current



molecule.

Within the past four decades CcO was extensively investigated with re-
spect to its structure and function. In the mid-1990s the crystal structure
of bovine heart and Paracoccus-Denitrificans CcO were determined by x-
ray crystallography at 2.8A resolution by Shinya Yoshikawa [4] and Hartmut
Michel [5], respectively. The proton pumping mechanism, however, had been
observed roughly twenty years earlier and was first described by Marten Wik-
strom [6] in 1977. Over the years the functional mechanism was investigated
with great success. Alternative proton transfer pathways and different reac-
tion intermediate species have been identified. It was shown that electrons
were exchanged between four redox centers termed Cuy, heme a, heme az and
Cup. Electrons, taken up by Cuy are transferred via heme a to the binuclear
catalytic center heme az / Cupg. IR spectroscopy and Raman spectroscopy
proved to be particularly promising techniques for studying the role of CcO’s
redox centers as they are mutually complementary. IR spectroscopy is more
sensitive to the protein environment of the redox centers, while Raman spec-
troscopy is a powerful tool to determine the redox, spin and coordination
state of hemes. Exciting Raman scattering in the near uv frequency region
matching the so-called Soret absorption band of heme proteins is referred
to as resonance Raman scattering. Resonance Raman scattering is distin-
guished by an increased scattering intensity. In the majority of cases CcO
was investigated in the solubilized form. Electron transfer was then achieved
by mediators exchanging charges with the individual redox centers. Recently
a new approach was introduced based on the immobilization of the protein
embedded into a biomimetic artificial membrane. For this purpose his-tagged
protein was tethered in a unidirectional orientation to metal substrates and
subsequently stabilized by reconstitution into a protein tethered bilayer lipid
membrane (ptBLM). The use of metal substrates offers the possibility of ap-
plying electrical potentials on the one hand and of taking advantage of the
surface enhancement effect on the other. Surface enhancement is achieved
by using metal substrates, which show localized surface plasmon resonances

due to a definite roughness on the nano-scale.

It is the primary goal of the present dissertation to quantify the elec-
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tron transfer rate to Cytochrome ¢ Oxidase in an artificial biomimetic mem-
brane architecture by time-resolved surface-enhanced resonance Raman spec-
troscopy (TR-SERRS). For this purpose different intermediate steps had to
be achieved. A measuring cell had to be designed allowing reliable and re-
producible SERRS measurements. Therefore the following criteria had to be

met:
e electron transfer can be triggered electrochemically
e photo degradation must be avoided
e allowing anaerobic conditions
e high mechanical stability.

The measuring cell and the SERRS setup had to be tested. This was done by
investigating electron transfer to the water soluble heme protein cytochrome
¢ as a benchmark system. A nano-structured silver surface had to be de-
signed allowing both surface-enhanced Raman spectroscopy and membrane
reconstitution after protein immobilization. In a final step electron transfer
to the redox centers of Cytochrome ¢ Oxidase had to be monitored by static
potential dependent SERRS, before kinetic parameters of electron transfer
could be derived from TR-SERRS experiments using the pt BLM.



Chapter 2

Introduction

2.1 The Mitochondrial Respiratory Chain

Mitochondria are organelles found in most eucariotic cells. As all organelles
they are designed to fulfill a specific task. In this case it is the conversion
of oxygen into water. Mitochondria are located in the cytoplasm of the cells
and are enclosed by a bilayer lipid membrane (BLM). Adenosine triphosphate
(ATP) is the universal energy carrier within higher organisms such as the hu-
man body. Most of the ATP is generated by mitochondria. Thus, they are
often referred to as the power plants of biological cells. The outer membrane
seals the mitochondrion from the cytoplasm. However, different protein com-
plexes functioning as channels are incorporated providing the possibility of
exchanging salts, among other compounds, with the cytosol. Beside the
outer membrane, separating the organelle from the cell’s cytoplasm there is
a second membrane, the mitochondrion’s inner membrane (see Figure [2.1)).
The typical lamalla-like structure demonstrated in the TEM image shown in
Figure is generated by the arrangement of this inner membrane, which
forms compartments the so-called cristae. A class of membrane proteins is
incorporated into the inner membrane, which in turn forms a functional unit,
the mitochondrial respiratory chain. The task of the respiratory chain is
to recycle ADP to ATP. This recycling takes place primarily through ox-
idative phosphorylation (OP). OP is the process in which ATP is formed

5
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Figure 2.1: Schematic cross-section of a mitochondrium. A characteristic is
the lamella-structure of the inner mitochondrial membrane. By this structure
the total surface area of the membrane is increased. Therefore more proteins
can be incorporated and the effectiveness is increased.

Figure 2.2: TEM image of a mitochondrium. The lammalla-structured inner
membrane is easily recognized.
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Figure 2.3: The mitochondrial respiratory chain. At the end of the chain
ATP is formed by the proton-driven ATP-synthase. The proton gradient is
generated by complex I, IIT and IV.

as a result of the transfer of electrons from NADH or NADH; to O, by a
series of electron carriers (complexes I-IV). The electron transfer potential of
NADH/NADH; relative to that of O is the driving force of OP. It drives the
proton translocation across the inner membrane. The proton gradient gener-
ated is then used by the protein ATP-synthase (complex V) to convert ADP
to ATP. The total chemical reaction of complex I to IV can be expressed in

a simple chemical reaction scheme:
1
502 + NADH + H" +10H;" — H,0 + NAD' + 10H} (2.1)

The change in free enthalpy due to the conversion of NADH and O, to
NAD* and HyO amounts to AHyapy = —220 kJ/mol. At the same time
the change in free enthalpy due to the transport of a single proton into
the inter-membrane space is AHy+ = 21.82 kJ/mol. Accounting for the 10
protons pumped during one cycle this sums up to AHy g+ = 218.2 kJ/mol,
which is just slightly less then AHyapy envisioning the high efficiency of

this enzymatic cycle. A more detailed treatment of the biochemical aspects



8 CHAPTER 2. INTRODUCTION

of mitochondrial respiration can be found in reference [7]. Complex IV,
which is termed cytochrome ¢ oxidase (CcO), plays a central role within the
respiratory chain. CcO is the protein within which the molecular oxygen
we breath is reduced to water. The mechanisms of electron transfer, proton
translocation and oxygen reduction of CcO are discussed in chapter [2.1.1]

2.1.1 Cytochrome c Oxidase

Cytochrome ¢ Oxidase (CcO) is the terminal enzyme in the respiratory chain
of mitochondria and aerobic bacteria. It is composed of four subunits (SU):
SU I (63 kDa), SU II (29 kDa), SU III (30 kDa) and SU IV (5.4 kDa). The
structure of CcO as obtained by X-ray diffraction [§] is depicted in Figure
2.4

By transferring electrons from cytochrome ¢ to molecular oxygen the
latter is catalyzed to water [9, [10]. This process is coupled to a translocation
of protons across the membrane [II] into which CcO is embedded. The
resulting proton gradient drives the synthesis of ATP by ATP-synthase [11].
During one catalytic cycle four electrons are taken up and one dioxygen is

reduced to water, while four protons are pumped [12]:
4 cytochrome ¢** +8 H 4+ Oy — 4 cytochromec®* +4 HY +2 H,0 (2.2)

where H;" and H;" represent the protons taken up from the inside of mito-
chondria or bacteria and the protons released at the outside, respectively.
Cytochrome ¢, which is located at the outside delivers four electrons to the
binuclear center Cu,, which is the first of four redox centers and is located
close to the outer membrane surface. Subsequently electrons are transfered
to the next center, a low-spin heme a. Finally the electrons reach the bin-
uclear center hema a3-Cupg. At this site the catalytic reduction of oxygen
takes place [I3], [14]. Therefore this center is also referred to as the catalytic
center. The arrangement of the four redox centers is depicted in Figure [2.5]
SU II contains Cuy that receives electrons from cc; heme a, heme ag, and
Cup are incorporated in SU I. Ludwig et al. [I5] reported that a complex
of SU I and II of the CcO from P.dentrificans is already fully active with
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respect to both dioxygen reduction and proton pumping. Together with SU
III they are referred to as the core parts or core subunits of the enzyme, since
they are present in most terminal heme-copper containing terminal oxidases.
Depending on the origin of a specific CcO molecule more SUs may be at-
tached. However, in most of the cases the function of these additional SUs
is not understood yet.

A detailed discussion of the catalytic cycle and the mechanism of proton
pumping can be found in a discussion of H. Michel [12]. Another article of
potential interest to the reader deals with the remaining mysteries of CcO
[16].

2.1.2 Cytochrome c

The heme protein cytochrome ¢ functions as the electron carrier between
complex IIT and IV of the mitochondrial respiratory chain. One electron
is taken up from complex III by converting the central iron from Fe?* to
Fe?*. Subsequently the electron is then transfered to complex IV (CcO).
Furthermore, cc seems to play an essential role in apoptosis (programmed
cell death) [I7, [1§]. A pro-apoptotic signal stimulates the release of cc from
mitochondria. This triggers a further signal cascade leading to apoptosis.
However, the role of apoptosis is not within the scope of this work; rather

the focus of the present work lies in the electron transfer mechanism of cc.

2.2 Membrane Proteins and Biomimetic Ar-

chitectures

The review article by Tan et al. [19] provides an excellent overview of the
importance of membrane proteins: biological membranes form an essential
barrier between living cells and their external environments, as well as serve
to compartmentalize intracellular organelles within eukaryotes. The latter
include membranes that envelope the nucleus, the outer and inner mem-
branes of the mitochondria, membrane cisternae complex of the endoplas-

matic reticulum, Golgi apparatus, as well as lysosomes and secretory vesicles.
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Figure 2.4: The structure of Cytochrome ¢ Oxidase. It is composed of four
subunits: SU I (green), SU II (bronze), SU III (purple) and SU IV (red).
The catalytic center together with heme a is located in SU II, while Cuy is
situated in SU 1.
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o Cu,

Figure 2.5: Cytochrome ¢ Oxidase exhibits 4 redox centers. The binuclear
center Cuy by which electrons are taken up from cytochrome c, a low-spin
heme a and the heme a3-Cup catalytic center, where oxygen is reduced to
water.

Figure 2.6: Cytochrome c is the electron acceptor of cytochrome c reductase
(bey complex or complex I1T) and the electron donor of cytochrome ¢ oxidase.
Therefore this protein can be seen as an electron carrier. Cytochrome c is a
heme protein containing a single ¢ heme.
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Depending on their localizations in the whole organism and also within the
cell, these membranes have different, highly specialized functions. Although
30% of naturally occurring proteins are predicted to be embedded in bio-
logical membranes, membrane proteomics is traditionally understudied due
to difficulties in solubilizing, separating, and identifying membrane proteins.
Given the importance of membrane proteins in the various cellular processes
(such as signal transduction, ion transport and enzymatic metabolism) as
well as the roles they play in diseases and their potential as drug targets, it
is imperative that this class of proteins be better studied.

The authors point out that this class of proteins is understudied due
to difficulties with, among other factors, the solubilization of the mostly
hydrophobic molecules. However, even after extraction, purification and su-
lubilization of a membrane protein the study of their native function is not
trivial. The proteins need to be in an environment which replaces the native
lipid membrane in order not to alter the protein structure or to disable their
native function. Throughout this work a novel membrane architecture was
used to mimic the native lipid membrane: the protein tethered bilayer lipid
membrane [20, 21] (ptBLM).

2.2.1 Protein Tethered Bilayer Lipid Membrane

The ptBLM is an artificial membrane system mimicking the the native bio-
logical lipid membrane. Such biomimetic systems are needed when proteins
are extracted from their native environment and then probed in an artificial
environment, because the integrity and function of protein strongly depends
on the right environmental conditions. The ptBLM is formed in two steps.
At first the protein which is surrounded by detergent molecules is immobi-
lized on top of a metal substrate. In the second step the tethered protein is
stabilized by reconstitution into a bilayer lipid membrane. The membrane is
formed by dialysis using biobeads (Figure. In contrast to tethered bilayer
lipid membranes (tBLM) the protein is tethered instead of the lipid. This is
advantageous since the distance between the membrane and the metal surface

is determined by the protein itself. In the case of tBLMs spacer-molecules
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detergent ptBLM

Figure 2.7: The ptBLM. CcO is tethered to a metal substrate using the his-
tag technology. Thereafter the protein is stabilized by reconstitution into a
bilayer lipid membrane.

with the right length must be used for tethering the lipids. Otherwise not
enough room is provided for the protein or the distance is too long, causing
an instabilities within the membrane. The protein is tethered to the metal
substrate by using a histidine-anchor (his-tag) as shown in Figure His-
tag anchors attached to proteins are frequently used for the purification of
the protein. The metal is functionalized with a specific linker molecule. The
histidine, the -COOH termini of the linker molecule together with a Ni?*
ion form a chelate complex, thus binding the protein to the surface. An
important characteristic of the ptBLM is the immobilization of the protein
in an unidirectional fashion. If the his-tag is engineered to the c-terminus of
SU II, CcO is tethered with the cytochrome ¢ binding site directed towards
the metal surface. Applying electric potentials between the metal substrate
and a counter electrode leads to the exchange of electrons between the metal
substrate and the redox centers of CcO. This phenomenon is referred to as
electronic wiring of the protein [20]. The mechansm is illustrated in Figure
2.9
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histidine

" linker molecule

4

Figure 2.8: A coordinating Ni-ion is used to form a chelate complex together
with the his-tag of the protein and the linker molecule.
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RE CE

+- ——_

Figure 2.9: By applying electric potentials between the silver substrate (WE)
and the counter electrode inserted into the PBS buffer solution a direct elec-
tron transfer between metal and protein is achieved. Due to the orientation
of the protein electrons are transferred to the Cuy center. Thereafter elec-
trons are sequentially transmitted to the redox centers heme a, heme az and
CU_B.
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Chapter 3

Theory

3.1 Raman Spectroscopy

In 1928 Raman and Krishnan [22] showed that in every case in which light
is scattered by molecules, either in the gas or the liquid phase, the diffuse
radiation having the same frequency as the incident beam, is accompanied by
a modified scattered radiation of degraded frequency. This was proved by an
experiment in which sunlight was scattered by different samples. They used a
telescope to converge the light from the sun, which was passed through a blue-
violet filter before irradiating the sample. A second filter (yellow-green) was
used to filter the scattered light. Indeed they found scattered light exhibiting
a shift in the frequency. Therefore this new type of secondary radiation, so
the title of their manuscript, was named Raman scattered light. In 1930,
Chandrasekhara Venkata Raman received the Nobel Prize in physics for the

discovery of this effect.

3.1.1 Molecular Vibrations

3.1.2 Raman Effect

C.V. Raman showed that light is not only elastically scattered by molecules.
In fact also inelastic scattering can occur. Inelastic scattering results, when a

molecular vibration is excited. An energy difference between the incident and

17
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Figure 3.1: Chandrasekhara Venkata Raman, * November 7th 1888 in
Tiruchirappalli, 1 November 21st 1970 in Bangalore

the inelastically scattered light is than observed concurrent with the energy
of the molecular vibration. However the elastic scattering is much stronger
and the inelastically scattered light is only observed when specially designed
Raman setups are used to filter the Rayleigh scattered light. The scattering
cross-section of Raman scattering is in the order of magnitude of 1073 cm?.
In fact this is the major drawback of this analytical technique.

Considering the quantum mechanical aspects of Raman scattering the rea-
son for the low scattering cross section becomes obvious. At the same time
this point of view demonstrates how Raman intensities can be increased. In
figure the ground state Sy and the first vibrational excited state n; of a
molecule are shown. The incident exciting laser light (today only monochro-
matic laser light is used in Raman experiments) has the frequency v,. There-
fore the energy is given by

E.=huv.. (3.1)

The scheme in figure illustrates that the energy E. is higher than the
energy difference to the next vibrational excited state, but at the same time

smaller than the energy difference to the first electronic excited state S;.



3.1. RAMAN SPECTROSCOPY 19

S,

——————————————————————————————— virtual
states

hv,

S,
Stokes Rayleigh anti-Stokes

Figure 3.2: Energy differences in Raman scattering. The ground state Sy,
the first electronic excited state S; as well as virtual states and vibrational
states n; are shown. In the case of Stokes and anti-Stokes Raman scattering
the wavelength of incident light is up-shifted and down-shifted, respectively.

Therefore the photon is not absorbed but scattered. The intermediate ex-
cited state is a so-called virtual state because it is quantum mechanically
not allowed. The molecule instantaneously returns to the ground state Sy
(Rayleigh scattering), or with a marginal chance to a vibrational excited
state nj(Stokes Raman scattering). In the latter case the frequency of the
scattered light is down-shifted. For normal Raman scattering the ratio of
elastic and inelastic light scattering is 107 : 1 [23]. If a molecule is already
present in the excited state n;, after excitation to a virtual state can return
to Sp. The frequency is therefore shifted to higher frequencies which is called
anti-Stokes Raman scattering. However, the first case is much more likely,
since at room temperature the ground state is dominant. The instable vir-
tual state explains the low cross-section of Raman scattering [23]. Since the

residence time in the virtual state is extremely short it is unlikely that a
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molecular vibration is excited by transmitting kinetic energy to the nuclei.
Hence, the chance to excite such molecular vibrations is increased if not a
virtual state but a real electronic excited state is intermittently formed. This

is a special case of Raman scattering and is discussed separately in Section

B.13

Considering the incident laser light as an oscillating electromagnetic field,
it gives rise to a quasi-classical view of the Raman effect. The incoming

electric field E induces a dipole moment

Here, « is the polarizability, which is a function of the displacement ¢ from
equilibrium qg. Therefore the photon emitted by the induced dipole moment
can be modulated by an excited molecular vibration. The electric component

of the laser light is described by the electric field vector
E = E - cos(2mipt). (3.3)
Therefore Equation [3.2| can be written as
Wing = o - Eg cos(2myt). (3.4)

An excited molecular vibration will distort the electron cloud during the oscil-
lation and therefore change the polarizability periodically. The polarizability

can be written as a Taylor expansion about the equilibrium geometry:

O 1[0\
a—a0+(a—q>0q+§(8—q2>oq + ... (35)

where ¢ is the equilibrium value of a and q is the deviation from equilibrium.
Due to the harmonic excitation the deviation is also described by a harmonic
oscillation:

q = qo - cos(2mut) (3.6)
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Substituting q in Equation [3.5] leads to

a=a+ (8_@) Qo - cos(2muvt) + ... (3.7)
dq ),

neglecting the second derivative for the sake of simplicity. Further substitut-
ing Equation [3.7 into Equation [3.4] results in

0
Hing = o - Eg cos(wot) + qo - Eo <a—a) - cos(wpt) - cos(wt), (3.8)
4/ 0

where 27 and 27y was replaced by w and wy, respectively. Using the

trigonometric identity

[cos(a + b) + cos(a — b)], (3.9)

DN | —

cos(s) - cos(b) =

the expression for the induced dipole becomes

0
Hind = 00 - Eo cos(wot)J—i- qo - Eo (8_(;) - cos((wp — w)t) +
0

Ra;l;igh -~
Stokes (310)
‘E day cos((wo + w)t)
flo 0 dq . 0 J-

anti—Stokes

The first term describes Rayleigh scattering. The frequency of the inci-
dent light ins not altered but re-emitted with the same frequency wy. The
second term represents Stokes Raman scattering, where the frequency of
incident light is changed to lower values and therefore higher wavelength.
The last term describes the case of anti-Stokes Raman scattering. Here the
frequency of the scattered light is up-shifted due to the elimination of a

vibrational mode as shown in figure [3.2]

Furthermore from Equation one can derive the selection rules for

Raman-active vibrations. Obviously the first derivative of o shows that
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Stokes or anti-Stokes Raman scattering can occur, only if

(g_(;)o £0 (3.11)

and the second and third term in Equation are different from zero.
Hence, Raman scattering can only occur if the polarizability of a molecule
changes during vibration [23H25].

The intensity of the Raman scattered light Igg finally depends on the
frequency of the exciting laser light wy, the polarizability « of the probed

molecule and the intensity of the incident light I:

Ips =C-Iy-a?w? (3.12)

C consists of constants and is given given by C' = 5T [24].

3.1.3 Resonance Effect

In section the principle of normal Raman scattering was demonstrated.
An essential characteristic of Raman scattering is the excitation of a so-
called virtual state, which persists only for the time of the molecule-photon
interaction. The extremely short lifetime of this virtual state was mentioned
to be the reason for the low scattering cross-section. However, depending on
the molecule, which is probed and the laser frequency used for excitation,
the frequency of the laser light can be in resonance with a real electronic
transition of the molecule. Therefore, no unstable virtual state is excited,
but a real electronic excited state, which has a longer durability (Figure
3.3). The probability to induce a molecular vibration is increased. The
distortion of the electron cloud persists long enough for the nuclei to relax
to the equilibrium geometry of the excited state. Resonance Raman (RR)
scattering was first observed by Shorygin [26] in 1947. The mechanism was
explained by Albrecht [27]. The enhancement due to RR scattering is often
in the order of 103 or 10* [25]. Spiro applied RR scattering to heme proteins
[28, 29], which have a strong absorption in the near UV region due to a 7 —7*

electronic transition. The resulting absorption band is the so-called Soret-
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Figure 3.3: The difference between normal Raman scattering and resonance
Raman scattering. In normal Raman scattering a virtual state is excited,
stable only for the duration of the interaction with the photon. In resonance
Raman scattering a real electronic excited state is intermittently reached.
The electronic excited state is stable for a longer time-span, whereby the
chance to excite a molecular vibration is enhanced.

band which was already discovered in 1883 by Soret [30]. RR scattering of

hemes and heme proteins is described in [3.1.3]

RR Scattering at Heme Proteins

A large family of proteins is characterized by the incorporation of one or more
heme structures. A heme is composed of a porphyrin ring in the center of
which a metal ion is located. Porphyrins are symmetric ring structures and
organic chromophores. They are composed of four pyrrole rings. In hemes
the porphyrin ring is the ligand of the central metal ion (Figure . Further
functional groups can be attached to the porphyrin. Thereby different kinds

of hemes (for example heme a, b or ¢) are distinguished. The extended 7 sys-
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Figure 3.4: A heme is composed of a porphyrin ring. The center of which
is a metal ion (M). The nitrogen atoms are labeled N. The various carbon
atoms are labeled a, 3 or m, depending on their position. Various heme
types differ in the functional groups labeled X or Y which are attached to
the outer carbon atoms.

tem gives rise to a relatively small HOMO—LUMOH energy gap (ca. 2eV), and

consequently metalloporphyrins absorb light strongly in the visible region of

the spectrum [31]. As discussed in chapter [3.1.1 and [3.1.2| the absorption of

light is accompanied by the excitation of vibrational excited states. Early
heme protein studies revealed ground state vibrational frequency shifts asso-
ciated with the ligation chemistry of the heme group. Subsequent work has
uncovered useful correlations between structure and spectra, including sen-
sitivities of specific band frequencies to the ligation, oxidation and spin state
of the central metal ion [31]. Most of the RR bands have been assigned to
metalloporphyrin normal modes on the basis of extensive isotope substitution
studies [32], B3]. For better understanding the most fundamental vibrational
modes are depicted in Figure 3.5l In the work of Kitagawa et al. [34] the
various vibrational modes of the Ni-octaethylporphyrin (Ni-OEP) spectrum

were assigned to designations v;. Until today these designations are used for

'HOMO = highest occupied molecular orbit; LUMO = lowest unoccupied molecular
orbit
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’ Vi \ Description \ Ni-OEP ‘
%] V(Cﬁ - Cﬁ) 1602
v3 | Y(Co — Cm)sym 1520
vy | vy Pyr — half — ring)sym | 1383
V10 | Y(Ca — Cm)asym 1655
V11 V(Cﬁ — Cg) 1577
vig | y(Pyr — half — ring)sm | 1331
V14 V(Cﬁ - Y)sym 1131

Table 3.1: Skeletal vibrational modes (Figure assigned to designations
(v;) and the wavenumber (given in in cm™!) at which they appear in the
Ni-OEP spectrum.

a distinct denomination of Raman modes originating from porphyrin struc-
tures such as hemes. In Table the most important mode designations are
given. It turned out that another advantage of RR scattering is that in chro-
mophores such as hemes the charge-transfer transitions of the inherent metal
complex generally enhance metal-ligand stretching modes. These modes are
sensitive for the redox state of the central metal ion (e.g. v4). Therefor the
intensity of the corresponding bands can be used as a marker for the redox
state of heme proteins.

An excellent review about the spectroscopy on metalloporphyrins is given

in reference [31] to which the more interested reader is referred to.

3.1.4 Surface Enhancement

Surface-enhancement (SE) plays a crucial role for the Raman experiments
presented in the scope of this dissertation. Most recent studies by other re-
search groups focus on solubilized CcO and use mediated electron transfer
to the redox centers. By using high concentrations of dissolved protein and
large sample volume sufficiently high signal to noise ratios are easily reached.
However using the concept of the ptBLM leads to the fact that only a mono-
layer of molecules is probed. Hence, the number of scattering centers and
therefore observed Raman intensities are strictly limited. To overcome this

limitation and to reach significantly higher Raman intensities allowing quan-
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Figure 3.5: Illustration of the in-plane porphyrin skeletal vibrational modes.
From Reference [31].
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adsorbed molecules

smooth surface

rough surface

Figure 3.6: On roughened surfaces potentially more molecules can be ad-
sorbed. Martin Fleischmann et al. used this approach to increase the Raman
signal of adsorbed pyridine on silver and by chance discovered the surface
enhancement effect.

titative analysis of the spectra surface-enhanced Raman spectroscopy(SERS)
was employed.

The surface-enhancement effect (SEE) was discovered by chance in 1974
by Martin Fleischmann [35] and co-workers. They intended to study pyri-
dine adsorbed to silver substrates, but the yield of Raman intensity was
poor and the spectra were not significant. In order improve the signal-to-
noise ratio they roughened silver electrodes as they planned to increase the
effective surface area, hence to adsorb more molecules (Figure [3.6]). As a re-
sult of the surface enhancement the spectra were now much more meaningful.
Consequently two types of pyridine adsorption at the silver electrode were
identified. However the enhanced Raman scattering intensity was attributed
to the increased effective surface area of the roughened silver.

Years later Jeanmaire and Van Duyne [36] published an article titled
Anomalously Intense Raman-Spectra Of Pyridine At A Silver Electrode as
they noticed the enhancement could not only be due to the increased number
of molecules. They proposed an electromagnetic effect to explain such intense

Raman spectra. At he same time Albrecht and Creighton [37] proposed
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a charge transfer effect to be the causation of enhancement. Today it is
known that both, the charge transfer as well as the electromagnetic effect
contribute to surface enhanced Raman scattering. Nevertheless, the surface

enhancement effect is not completely understood yet.

Electromagnetic Enhancement

When the permittivity e(w) = €;(w) + i€a(w) of a metal has a negative real
component €; and a small imaginary component €5, the metal is capable of of
sustaining a surface plasmon resonance (SPR). This resonance is a coherent
oscillation of the conduction electrons excited by electromagnetic radiation.
In bulk silver this resonance is in the near ultra-violet region of the spectrum.
For nanoparticles the plasmons are localized and the resonance is therefore
referred to as localized surface plasmon resonance (LSPR). The excitation
of LSPRs is essential for the electromagnetic contribution to the surface
enhancement effect and is described in the following.

Different models have been employed meant to explain the electromag-
netic enhancement effect (EEE). A model providing a good insight into
the mechanisms of EEE describes the interaction of a single nanoscopic
metal particle with the electromagnetic field of an incident laser beam and a
molecule at a distance d from the particle’s center (Figure[3.7)). The radius of
the nanoparticle is given by r. It is assumed that the radius r is much smaller
than the wavelength Xy of the incident light (frequency wy). Therefore the
electric field is considered homogeneous in the first approach. The frequency
dependent permittivity of the sphere is given by €(w). In general the particle
is assumed to be smaller than 100nm in diameter. The particle together with
the molecule are surrounded by a medium with the permittivity ¢,,; in this
case the frequency dependence is not essential for the model and is therefor
disregarded.

When a metal sphere is placed in an oscillating electric field Ej a dipole-
moment pg, is induced. It will be proportional to the electric field. The

proportinal constant is the polarizability ag, of the metal sphere.

Psp = Cgp - EO (313)
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E
m molecule

D

Figure 3.7: A molecule at a distance d from a metal nanoparticle with radius
r. The relative permitivity of the particle and the surrounding medium is
given by €(w) and €,,.

In the case of a sphere the polarizability is given by

g =41 € - - go (3.14)

where ¢y denotes the permittivity of vacuum and

e(wo) — €m
= —". 3.15
g0 e(wo) + 26, (3.15)
The induced dipole is oscillating together with the incident electric field
Ey and therefore emitting an electrical field Eg;, described by
5 1
=T g()ﬁEo. (316)
Hence, the total field experienced by the molecule is a superposition of
the incident field Ey and the field emitted by the dipole Eg,. The ratio of
the total electric field and the incident electric field is the factor by which

the field is enhanced:

psp

Egyp = 22
dip dend?

Etot 3 1
= —+1 3.17
7 90 + (3.17)

Considering the fact that Raman scattering is proportional to the inten-
sity of the laser light and therefore proportional to the square of the electro-

magnetic field, the electromagnetic enhancement of the incident laser light
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(Ap) is described by:

Ay < g3 <g>6. (3.18)

At the same time the light which is Raman scattered by the molecule
is enhanced by the same mechanism. Enhancement of the Raman scatterd

light (Ag) follows the proportionality

r\ 6
Asoc gt (5) (3.19)
where (w0)
€(wo) — €m
= 3.20
g0 €(wo) + 2€, (8:20)

in accordance with Equation [3.15.Consequently the total electromagnetic

enhancement factor EF g, is given by the product

2 9 (T\"
EFgy = Ay As x g2g? (E> . (3.21)

Some important conclusions can be extracted from this relation.

e The enhancement is proportional to r%, i.e. the enhanced electromag-
netic field decays strong with the distance. Therefore it is important

to have the molecule which is probed close to the surface.

e The enhancement factor can not be increased by using larger particles,

due to the limitation to a maximum size of around 100 nm.

e The crucial parameters are gy and gg. Both of them have a singularity

in their denominator which is dependent on material constants.

By choosing the right material €(wp) 4 2¢,,, and €(wg) + 2¢,, can be tuned
to be close to zero and therefore lead to enormous enhancements, in some
cases reaching 10 or more [38]. The singularity coincides with the surface
plasmon resonance condition. For silver in the near ultraviolet region, the

resonance condition holds, while in the same region €5 is small (¢, = 1.77 for

2The permittivity is often referred to as a material constant, but in fact it is important
to consider that € is a function of the frequency = €(w)
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Figure 3.8: Real an imaginary part (€; and €) of the permittivities of copper,
silver and gold, plotted as a function of photon energy. For silver resonance
condition hold in the near ultraviolet region, while at the same time damping
is low.

water, €, = —3.54 and €, = 0.11 at 382 nm for bulk Ag) [39]. The imaginary
part ey of the permittivity is often referred to as the quality factor, because
this value is associated with damping of the plasmon resonance, where small
values correspond to low damping. In general silver and copper are good
enhancers in the blue to ultraviolet region, while gold is an efficient enhancer
in the IR-region. The plot of the real and imaginary part of the material as
a function of photon energy illustrates this finding (Figure .

The fundamental mechanism of electromagnetic enhancement is illus-
trated by this model, explaining why silver is commonly used as a SERS-activ
substrate. However, shape-effects, and particle-particle interactions are not
explained. In terms of rough surfaces these effects have to be taken into
account. Still, the model of a single metal sphere is a good starting point
to explain the mechanisms of surface enhancement on rough surfaces. In
a first approximation a rough surface can be regarded as many truncated
spheroids on a plane surface (Figure . Hence, the sphere model can be
expanded phenomenologically to rough surfaces by including shape effects

and interactions between the nanoscopic structures and the plane surface.

In order to explore the shape effect more closely, the extinction cross

section for randomly oriented silver spheroids are shown in figure The
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Figure 3.9: The sphere model can successively modified to describe rough
surfaces by accounting for shape effects and particle-particle interactions.

central features are the two sharp extinction peaks for the spheroids and the
single peak for the sphere. These peaks are due to excitation of the two
dipolar plasmon resonances corresponding to the components of the electric
field parallel to the axes of the spheroid. The peak at higher wavelength
corresponds to the major axis, the one at lower wavelength to the minor axis
[40]. Therefore, by changing the aspect ratios of nanoparticles the resonance
frequency can be tuned.

Plotting the Raman enhancement of the same spheroids in the same fre-
quency range illustrates an important characteristic of Equation Due
to the displaced singularities of gy and gg two closely spaced peaks occur
(Figure , whereas the separation of the two peaks peaks varies with the
Raman shift. The peak at longer wavelength corresponds to the LSP reso-
nance with the excitation wavelength of the laser (g ;). The second peak at
shorter wavelength corresponds to LSP resonance with the Raman scattered
light (Ag = Xo2 = o1 + AN). Of course, for both cases the LSP resonance
frequency is the same. In one case the incident light is first enhanced and
than Raman scattered, in the other case the incident light is first Raman
scattered, and than enhanced.

Rough surfaces are considerably more complicated to describe and the

enhancement is hard to predict. The LSPs of neighboring nanostructures may
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Figure 3.10: Spheroids exhibit LSP resonances at excitation wavelengths
depending on their aspect ratio. LSP resonance along the minor axis remains
unchanged, while the second resonance frequency due to electron oscillation
along the major axis of the spheroid is observed at higher wavelength for
higher aspect ratios.
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Figure 3.11: Raman scattering is enhanced if either the frequency of the inci-

dent laser light or the frequency of the Raman scattered light is in resonance
with the LSP of the nanoparticles.
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interfere with each other. This can lead to even higher field enhancements
("hot spots”) but also to shifts in the resonance frequency of the coupled
LSPs. In the case when the nanoparticles are neither spheres nor spheroids
the shape can play a significant role. It is well known that at points with
high surface curvatures highest enhancement is observed. This is explained
with the fact the the streamlines of the electric field are perpendicular to the
metal surface and therefore concentrate at those tips. Since this phenomenon
is similar to the principle of a lightening rod it is often referred to as the

lightening rod effect.

Chemical Enhancement

In addition the electromagnetic surface enhancement the spectra of Raman
scattering molecules can be enhanced by a further mechanism, which is the
chemical enhancement, also denoted as charge transfer (CT) effect. In con-
trast to electromagnetic enhancement, chemical enhancement is limited to
molecules which are chemically adsorbed to the metal substrate. The charge
transfer effect is more similar to the resonance Raman effect than to the
electromagnetic surface enhancement. The nature of chemical enhancement
is much more controversially discussed than the EEE. Several CT mecha-
nisms are discussed in the literature [41-46], however, there is a mechanism

described by Lombardi et al. [47] which is widely accepted.

The CT phenomena involves the transfer of an electron from the Fermi
level of the metal to an unoccupied molecular orbital of the adsorbate or vice
versa [47], as illustrated in figure [3.12] The evidence for this particular type
of excitation has been mainly obtained from electrochemical experiments
[42], 144]. When a molecule is adsorbed to a metal substrate laser excitation
brings the possibility of transferring charges, electrons or holes, between the
Fermi level of the metal and the lowest unoccupied molecular orbital (LUMO)
or the highest occupied molecular orbital (HOMO) of the molecule. The CT
transition from the HOMO to the Fermi level is illustrated in figure For
CT to take place the Fermi level must be between the HOMO and LUMO

of the molecule, which is chemisorbed to the metal. The incident Raman
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Figure 3.12: Illustration of the charge-transfer effect. Here IP is the ion-
ization potential of the molecule and ¢ is the work function of the metal.
Charge-transfer transitions between the Fermi level of the metal and the
LUMO or HOMO of the molecule can appear. If the energy of the laser light
is in resonance with one of this transitions a special case of resonance Raman
scattering is created.

excitation laser light can be in resonance with one of the electronic transition,
either metal to molecule or vice versa, creating a spacial case of resonance
Raman scattering (Section [3.1.3]).

3.2 Surface Plasmon Resonance Spectroscopy

Surface plasmon resonance spectroscopy (SPRS) is a method used to deter-
mine the thickness of thin layers or the the refractive index of those. The
phenomenon of surface plasmons (SPs) can be derived from Maxwell’s equa-
tions. However, SPs were first described by Ritchie [48] and the first SPRS
measurements were published 1659 by Turbadar [49]. The excitation of SPs
however, requires the use of specific configuration of exciting laser, the metal
film and a coupling device. One can distinguish between the Otto [50] and
the Kretschmann [51] configuration. The latter of both was used for the

SPRS measurements presented in this dissertation.
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dielectric

metal k.,

Figure 3.13: The surface plasmon is propagating along the dielectric-metal
interface as illustrated by the wave vector kgp. The incident photons are
described by k,,. The dielectric-metall interface lies in the y-z-plane.

3.2.1 Surface Plasmon Excitation

SPs can be regarded as collective oscillations of the free electron gas of a
metal. They are excited by an incident electro-magnetic wave. SPs are lon-
gitudinal evanescent waves propagating along the metal-dielectric interface.
Depending on the employed metal SPs are damped more or less strongly due
to the dissipation of energy into the metal because of the conversion to heat
[52).

The correlation between the wave vector k and the frequency w of the

electro-magnetic field is described by the dispersion relation:

27.2
chk

w
n2

(3.22)

In this relation c is the speed of light and n is the refractive index of the

medium. In general the refractive index is complex:
n=+e=n'+i-n" (3.23)

Figure [3.13] illustrates the direction of incoming light and surface plasmon
propagation. The wave vector of the incident light is described by k,;, while
the wave vector of the surface plasmon is kg,. The dielectric metal interface

is in the y-z-plane. Hence, in order to match the resonance condition of the
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SP the z-component of k,, must coincide with kg,. For that reason light
polarized perpendicular to the plane of incidence (s-polarized) is not capable
of exciting surface plasmons. Therefore, p-polarized light is used for SP
excitation. In Figure the dispersion relation of a photon in air, in a high
refractive index prism together with the dispersion of a surface plasmon are
shown. Depending on the angle of incidence 6 (see Figure the dispersion
of the photon in air is represented by a straight line somewhere between the
w-axis and point A. The z-component of the photon kz ., never matches that
of the surface plasmon kz,. Using a prism as a coupling device leads to an
increased kzpp, coinciding with 2, in point C. However point C is not in
line with the laser frequency wy used for excitation. Varying the angle
finally leads to the case where kz 1, kz s, and wy, (point B), which is the case
of surface plasmon excitation [53]. The evanescent character of the SP is
illustrated in Figure|3.15] The SP is excited at the dielectric-metal interface
(y-z-plane) and propagates along the z-direction. The principle of prism
coupling is shown in Figure [3.16, The thickness of the metal film is usually
in the range between 40 and 50 nm so as to achieve that the evanescent field

of the SP extends into the dielectric medium.

3.2.2 Detecting Adsorption by SPRS

In SPRS the angle dependent intensity reflected from the metal-dielectric
interface (Ig) is measured. At the angle of total reflaction (6rg) Ig reaches a
maximum, while at the angle of SP resonance (fspgr) the reflected intensity
decreases to a minimum. The angle fspr depends on the refractive index
of the metal and the dielectric. Adsorption of any kind of material leads to
a change in refractive index at the metal-dielectric interface, which causes
a shift of Ogpr and therefor a change in Iz(f). A typical angular scan is
depicted in Figure [3.17} After reaching 6rg the reflectivity, which is defined

as
Ir

=7
reaches R = 1. Here I denotes the intensity of the incident light. The dip in

R (3.24)

reflectivity at higher angles corresponds to SPR. At § = 0spg the reflectivity
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Figure 3.14: Dispersion relation of a photon in air (solid blue), in a high
refractive index prism (dashed blue) compared to the dispersion relation of
a surfcae plasmon(red). Depending on the angle of incidence 6 (see Figure
the dispersion of the photon in air is represented by a straight line
somewhere between the w-axis and point A. The z-component of the photon
kz pn never matches that of the surface plasmon kz,,. Using a prism as a
coupling device leads to an increased kz,, coinciding with 2, in point C.
However point C is not in line with the laser frequency wy, used for excitation.
Varying the angle 6 finally leads to the case where kz 5, kz s, and wy, (point
B), which is the case of surface plasmon excitation.
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Figure 3.16: Beam path of the laser light used for surface plasmon resonance
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Figure 3.15: Evenscent character of a SP at a dielectric-metal interface (y-
[53]

z-plane).

excitation. In this case a prism is used as coupling device. The exponential

decay of the evanescent field is indicated by the red curve.
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Figure 3.17: Surface plasmon excitation curve. The Reflectivity is plotted as
a function of the angle . R~ 1 at § = 0rg and R~ 0 at 6 = Osppr

ideally decreases to zero. Hence, adsorption at the surface is detected by a
change in fspr due to a change in the refractive index at the metal-dielectric
interface.

The interested reader is referred to the review written by Wolfgang Knoll
[53] and the Handbook of Surface Plasmon Resonance [54]. More experimen-

tal details are described elsewhere [55].

3.3 Electrochemistry

Basically two different electrochemical methods have been employed. Elec-
trochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV).
EIS used to monitor the formation of the ptBLM and to characterize the
biomimetic system after formation. CV proved to be useful when investi-
gating the redox behavior of heme proteins. Furthermore this method was

capable of testing the catalytic activity of CcO in the ptBLM.



42 CHAPTER 3. THEORY

3.3.1 Electrochemical Impedance Spectroscopy (EIS)

EIS is a method commonly used to probe the electrical properties of various
materials. For example the quality of coatings as well as the properties of
semi conductors can be studied. In this work EIS was used to characterize the
artificial membrane system ptBLM and in particular to monitor the progress
of the different preparation steps, such as protein binding and membrane
reconstitution. In EIS an alternating electrical potential is applied to the
sample, while the current and phase shift is measured as the response of the
sample. This is repeated for a large number of frequencies. The impedance is
the complex resistance of the system combining ohmic, capacitive, inductive

resistances. The system is exited with a sinusoidal electric potential
E(t) = Ep - sin(wt), (3.25)

where Fj is the amplitude and usually between 5 and 10 mV. The potential
E is applied between working electrode (WE) and the reference electrode
(RE). A third electrode is used as a counter electrode (CE) to measure the
current. The resulting current with the amplitude I is shifted by the phase

® and alternates with the same frequency as the exciting potential:
I = 1Ij- sin(wt + D). (3.26)

Consequently the impedance is given by

E(t Ey - si t i t
2@y = B0 _ o sin(et) 0 sin(l) (3.27)
I(t) Ip- sin(wt + ) sin(wt + @)
According to Eulers relation
€'Y = cos p + isingp (3.28)

the potential E, the current I and the impedance Z can be expressed as

E(t) = Ey- ™! (3.29)
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I(t) = Iy - e'@t=® (3.30)

E(t) . EO . €th . Eg
I(t)  Iy-eilwt=®) — [,

7 = e =7 =7 +iZ". (3.31)

The phase shift or phase angle is given by

Z//
¢ = arctan (7) . (3.32)

A further important parameter is the admittance Y, which is the reciprocal
value of the impedance. Hence, the admittance corresponds to the complex

conductivity and is given by

1
Y=Y +iY" =~ (3.33)
with 7
v — T T (3.34)
and -
(4
Ve .

Two different diagrams have been used in this work to display the re-
sults of EIS measurements. The Bode-plot shows the absolute value of the
impedance and the phase ¢ as a function of the frequency w. The frequency
reduced admittance-plot shows Y”/w as a function of Y’'/w. In order to
characterize a sample the resulting data can be fitted to an equivalent cir-
cuit. However, some fundamental properties can be derived from the graphs

without using a fitting routine.

Capacitor

The impedance of a capacitor with the capacity C is given by

Zo = ——. .
c=-—7 (3.36)
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Therefore Z{, = 0 and Z{ = ——5 The phase angle calculates as ®¢ =
arctan(g—g) = —90° . Obviously the impedance of a capacitor is dominant

for small frequencies. According to Equations [3.34] and [3.35| Y/, = 0 and
Y/ =—-wC.

Ohmic Resistor

The impedance of an ohmic resistor is given by

Zr=7 =R (3.37)

Hence, Z;, = R, Z, = 0 and @i = 0. In accordance with Equations and
3.35 Y}, = £ and Y4 = 0.

3.3.2 Cyclic Voltammetry (CV)

CV is an analytical method where a voltage-current characteristic is recorded.
A cyclic voltammogram provides information about the thermodynamics of
redox processes and gives insight into the kinetics of herterogenous electron

transfer reactions.

In a CV experiment a linearly changing potential is applied between the
working electrode (WE) and the reference electrode (RE). Initially the poten-
tial F; is applied. The potential is than changed (increased) with a certain
scan rate v = (il—f until the first vertex potential Ey; is reached. The po-
tential is than changed (decreased) until the second vertex potential Ey is
reached and then linearly changed until E; is reached again. Often the cycle
is repeated several times. A characteristic potential-time-curve is depicted
in Figure [3.18] The vertex potentials are chosen so as to enclose the redox
potentials of the sample.

Two different kinds of currents can be distinguished. Charge transfer
reactions between the working electrode and the redox species are called
Faradaic currents, while currents which are not associated with redox tran-

sitions are termed non-Faradaic currents.
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Figure 3.18: Cyclic voltammogram of cytochrome ¢ adsorbed on a SAM of
mercaptoethanol.

Non-Faradaic Currents

Non-Faradayic currrents result from the reorganization of ions in the elec-
trolyte close to the electrode interface. They are of electrostatic nature and
are associated with charge separation due to the applied potential. There-
fore they are also referred to as capacitive currents. In CV the potential

characteristic is described by

Bupp = Ei + v+t (3.38)

where E,,,, is the applied potential, E; is the initial potential, v the scan rate
and t the time. If the interface capacity is C, the resistance of the solution
is Rg, then the capacitive current I is described by [56]
Ei __t __t
Io(t) = =L ¢ TFs +p. C- (1—e C'Rs>. (3.39)
Rs
Therefore I is determined by the capacity C and the scan rate v. After

decay of the transient current a constant current Al = v - C remains.
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Faradayic Currents

Heterogenous electron transfer between the WE and the redox species leads
to so-called faradayic currents. Therefore, the Faradayic current is alway
accompanied by a turnover from reduced to the oxidized species or vice versa.
Depending on the electrode potential the reduced Species R is oxidized or

the oxidized species O is reduced:

O+e = (3.40)

Heterogenous electron transfer at the electrode interface depend on the elec-
trode potential E, the standard potential of the redox species Ey. The re-

sulting current is described by the Butler-Volmer-Equation:
[ = FAK® |Co(0,t) - e Rt E=Eo) _ Cp(0,t) - e fr (B Fo) (3.41)

F is the Faraday constant, A the electrode area, k° the standard rate constant,
a is the transfer coefficient, R the gas constant, T the temperature, C (0, t)
and Cg(0,t) are the concentrations of the oxidized and reduced species at
the surface (x = 0) at the time t. The standard potential Ey characterizes
the point at which under thermodynamical equilibrium the concentration of
reduced and oxidized species is balanced.

In equilibrium the resulting current is I = 0. If all steps involved in the
redox mechanism are facile, so that exchange velocities of all steps are fast
compared to the net reaction rate the concentrations of all species participat-

ing in them are always essentially at equilibrium, even though a net current
flows [56]. In this case Equation reduces to

RT Co

which is known as the Nernst equation. Obviously the concentration of the
reduced and oxidized species is then defined by the electrode potential E
only.



Chapter 4

Materials and Methods

4.1 Sample Preparation Procedures

The following preparation procedures were followed strictly in order to guar-
antee reproducibility. The methods described were applied independently of
the kind of measurement. Thus, samples prepared for SERRS, AFM, SEM,

etc. were obtained from exactly the same procedures if not stated differently.

4.1.1 Template Stripped Gold - TSG

Ultra flat and thin gold surfaces were used for surface plasmon resonance
(SPR) spectroscopy. The thickness of the gold layers were chosen 50 nm in
order to obtain best SPR conditions. The surface roughness (rms) obtained
from the method described below was in the range of 1nm. Template stripped
gold surfaces are an ideal substrate for supported bilayer lipid membranes as
reported by Naumann et al. [57].

Silicon wavers were used as a template. Prior to use the silicon slides were
cleaned by immersing in a mixture of HyO, NH3 and H,O, (ratio 5:1:1) at a
temperature of 70 °C. After slowly cooling down the slides were thoroughly
rinsed with water and ethanol before they were stored in ethanol to prevent
recontamination.

Starting from this point further preparation was proceeded in a clean

room. After drying the slides with argon or nitrogen gold was deposited
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(1)
1 50 nm gold evaporation template stripped gold (5)
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Figure 4.1: Preparation steps of Template Stripped Gold / Silver. Cleaned
silcon wavers (1) were used as template. 50 nm gold or 45 nm silver were
evaporated (2). Glass slides were glued to the gold or silver layer using a
special optical glue curing at 150 °C (3). Right befor use the silcon template
was stripped (4) and the ultra flat metal layer was ready for functionalisation

(5).

by evaporation. Uniform deposition was guarantied by a rotating sample
holder. Evaporation was initiated after the ambient pressure was reduced
below pams < 10~#Pa by heating gold grains using a resistor. The evaporation
rate was kept constant below 0.1 nm/s. Subsequently the slides were kept in

ethanol.

Glass slides were cleaned from dust particles by rinsing with water. Fur-
ther the slides were treated with a 5% aqueous Hellmanex solution in an
ultra sonic bath for 15 min followed by thoroughly rinsing with MilliQ) water
and drying with nitrogen. The glass slides were glued on top of the gold
layer by a special optical glue (EPO-TEK 353ND-4) by means of a specially
designed press. The refractive index of the glue was ng. = 1.5922 at the
used wavelength Aj,s, = 633 nm. Prior to use the glue was evacuated at
p < 107! Pa to prevent micro defects in the glue layer. The glue was cured
at 150 °C for 90 min. Since the gold layer was enclosed by the silicon slide

on one side and the glue on the other side it was stable for several months.

Right before being used the template was stripped and the ultra flat, thin
metal layer was functionalized. The progression of preparation is demon-

strated in figure [4.1
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4.1.2 Template Stripped Silver - TSS

Template stripped silver (TSS) was prepared by the same procedure de-
scribed for TSG in section [{4.1.1] Instead of gold grains silver grains were
used. The thickness of the evaporated silver was 45 nm in this case. All

other conditions were exactly the same as in the case of TSG.

4.1.3 SERRS Substrates

As a substrate for all Raman measurements massive silver rods were chosen.
They measured 10 mm in diameter and 1-1.6 mm in height. Different strate-
gies have been followed for modifying the surface morphology in a way to
make them capable of being used for SER(R)S (see section [3.1.4]). Prior to
these nano-stucturing procedures the top planes of silver rods were polished
according to the following procedure in order to achieve a smooth basis for
further treatment.

The planes of silver rods were used as SERRS substrates and/or elec-
trodes. They were polished prior to use with a polishing machine (Buehler
PHOENIX 4000) using a synthetic polishing cloth (ChemoMet, Buehler).
The electrodes were successively polished with alumina (AlsO3) slurries with
a grain size 1 (MicroPolish II (C) alpha, Buehler), 0.3 (MicroPolish II (A)
alpha, Buehler), and 0.05 um (MicroPolish IT (B) gamma, Buehler), in that
order. Each polishing step was performed for 3 min at 300 rpm. After each
step, the electrodes were extensively rinsed with MilliQ-water and cleaned in
an ultrasonic bath in order to prevent contamination with alumina particles.

The rms roughness finally achieved was in the range of 3-5 nm.

Electrochemically Roughened Silver Electrodes

The electrodes were electrochemically roughened by applying oxidation-
reduction pulses provided by a potentiostat (Autolab, PGSTAT302, Eco
Chemie, B.V. Utrecht, Netherlands). This treatment was performed in 0.1
M KCI solution changing the potential between 4500 and —100 mV and
holding it for 70, 20, 15, 10, and 5 s, respectively. The rms roughness of
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the electrochemically roughened silver electrodes was determined by atomic
force microscopy using a Dimension3100 (Veeco Instruments Inc.). An area
of 5 um -5 um was scanned in the tapping mode, and the rms roughness was

calculated from these data. The rms roughness finally obtained was 90 nm.

Fabrication of Silver Nanoparticles

The following method was developed by C. Nowak [5§].

Silver nanoparticles (AgNPs) were synthesized according to a modified
version of the method of Turkevich [59] and Frens [60], who introduced cit-
ric acid as a reducing agent. 8.25 mL of 37 % formaldehyde was added to
250mL of an aqueous AgNO3 solution (10mmol/L). The mixture was heated
during vigorous stirring to 100 °C for at least 15 min. Further 4 mL of an
aqueous solution of citric acid (33 mmol/L) was added. The temperature
was kept constant at 100 °C until the color changed in the first minutes to a
bright yellow, eventually changing into a darker greenish-yellow, indicating
a suspension of AgNPs. Dynamic light scattering (DLS) revealed a highly

monodisperse solution of spherical NPs of an average diameter of 39 nm.

Ag Nanoparticle Modified Silver Electrodes

The development of the method was part of this dissertation. The proce-
dure given in the following decribes the conditions found to be ideal. The
development together with a detailed characterization of the achived surface

morphology are described separately in section and reference [58].

The top planes of silver rods were functionalized by self-assembled mono-
layers (SAMs) of cysteamnine (CA). SAMs were formed by immersion of the
silver rods into an aqueous solution of CA (10 mmol/L) for 1 h. After thor-
ough rinsing with water the functionalized silver rods were immersed into
the nanoparticle suspension for 2 h. The silver rods were then rinsed with

water again before further treatment.
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4.1.4 Preparation of Cytochrome c Samples for SERRS

Rough (electrochemically roughened or AgNP modified) silver electrodes
were immersed for 30 min into an aqueous solution of ME (1 mmol/L). The
excess of ME was removed by rinsing with water. Cc was adsorbed on the
SAM of ME by immersing the functionalized silver electrode into PBS buffer
(20 mmol/L KyH POy, 100 mmol/L NaClO,, pH = 7) containing 50 pumol/L

cc for at least 30 min.

4.1.5 Protein Tethered Bilayer Lipid Membrane (pt-
BLM)

CcO from Rhodobacter sphaeroides was expressed and purified by Hiser and
Ferguson-Miller [6I]. Immobilization of CcO was performed as previously
described [62]. Briefly, the AgNP modified silver electrodes were function-
alized with dithiobis-(nitriloacetic acid butylamidylpropionate) (DTNTA).
For that purpose (DTNTA) and dithiobis (propionic acid) (DTP) were dis-
solved in dry DMSO at a molar ratio of 0.1 to 0.9 to a total concentration of
5mmol/L. The silver electrodes were immersed in this solution for 24h. After
rinsing with dry DMSO and drying in a stream of nitrogen, the electrodes
were immersed for 30 min in a 40 mmol/L NiSO, solution in acetate buffer
(50 mmol/L, pH=5.5) so as to use Ni as the coordinating ion. The excess
Ni was washed off with deionized water. The Ag surface thus prepared was
exposed to a solution of CcO in dodecyl 3-D-maltoside (DDM) phosphate
buffer (KoHPO,4 50 mmol/L, KCI 100 mmol/L, pH = 8, 0.1 % w/v DDM),
leading to an oriented adsorption of the protein. After an adsorption time
of 2 h the protein excess was removed by rinsing with DDM buffer solution.
Reconstitution was initiated by replacing the DDM buffer solution with a
diphytanoylphosphatidylcholine (DiPhyPC) solution (40 pmol/L) in DDM-
phosphate buffer together with biobeads (Bio-Rad Laboratories GmbH, Mu-
nich, Germany). After 24 h the membrane formation was completed and the

electrodes were rinsed with PBS.
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4.2 Electrochemistry

Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV)
were performed using a potentiostat (Autolab, PGSTAT302, Eco Chemie,
B.V. Utrecht, Netherlands). Ag/AgCl in KClg,, was used as a reference elec-
trode (RE), a platinum wire as a counter electrode (CE), while TSS or the
silver rods made for SERRS experiments were used as working electrodes
(WEs). If not stated differently EIS measurements were done in a frequency

range from 100 kHz to 1 mHz with an amplitude of 10 mV.

4.2.1 Setup

EIS and CV measurements were performed using the measuring cell designed
for SERRS experiments or the measuring cell designed for SPR spectroscopic
experiments. Therefore EIS and CV could be combined either with SERRS

or SPR spectroscopy. The corresponding measuring cells are described in

section [5.1] and [4.3.1], respectively.

4.3 Surface Plasmon Resonance Spectroscopy

Surface plasmon resonance measurements were performed using a homebuilt
SPR setup allowing for simultaneous EIS and CV measurements as described
before [63]. Biefly, a HeNe laser (Ao = 632.8 nm) was used for the excitation
of surface plasmons in the Kretschmann configuration. The prism used as a
coupling device was made from LaSFN9 (1,5, = 1.84). SPR measurements

were performed using T'SS or TSG slides.

4.3.1 Setup

A schematic illustration of the setup is depicted in Figure 4.2 The beam of
the HeNe laser was modulated using a mechanical chopper. The beam was
guided through two polarizers utilized to obtain p-polarized laser light for
SP excitation and to adjust the laser power at the sample. Subsequently the

laser beam was coupled into the prism, which was pressed to the glass side
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Figure 4.2: Schematic illustration of the SPR spectroscopy setup. For SPR
excitation a HeNe laser was used. The beam path was guided through two
polarizers before coupling into the prism and reaching the sample. The re-
flected light was guided to a photo detector. By using goniometers the angle
of incidence was scanned. The angles of sample and detector were related by

©=2-6. [64]

of either a T'SS or a TSG slide. Index matching oil was used to connect the
prism to the glass. The laser beam was reflected at the gold layer and further
guided into a photo-detector. The measuring cell used for SPR measurements
was made from teflon (Figure . Into the cell body a cylindric pocket used
as liquid reservoir was machined (1). On one side the pocket was sealed with
a glass slide by using a gasket ring. On the other side the TSS or TSG was
mounted with the metal layer directed towards the pocket. Furthermore an
inlet for the counter electrode (2) and the reference electrode (3) were placed
at the top edges. A sample holder was used to press the prism to the TSS or
TSG slide (Figure . Thereby the the liquid reservoir was sealed by the
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Figure 4.3: The SPR measuring cell. The cell was made from teflon to ease
cleaning. A cylindric pocket in the center was used as a liquid reservoir (1).
Inlets for the CE (2) and the RE (3) were placed at the top edges. A TSS or
TSG slide sealing the liquid reservoir at one side was used as the WE. The
other side was sealed by a glass slide. (The TSS/TSG and the glass slide are
not depicted. [65]
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glass slide

Figure 4.4: A sample holder was used to connect the glass slide, the teflon
cell, the TSS/TSG slide and the prism by mechanical pressure. [64]

glass slide and the TSG/TSS slide. The sample holder and the detector were
mounted onto goniometers so as to change the angle of laser incidence. The
corresponding angles were related by ¢ = 2- 6. The diameter of the cylindric

pocket was 1 cm and the resulting surface area was 0.785 cm?.

4.4 Spectroelectrochemistry

4.4.1 Setup

The setup used to perform SERRS measurements (Figure was mounted
onto a shock absorbing optical table (Newport Corporation). Surfaceen-
hanced resonance Raman (SERR) spectra were acquired using a high resolu-
tion confocal Raman microscope (LabRam, HR800, HORIBA Jobin Yvon)
equipped with a liquid nitrogen-cooled back-illuminated charge-coupled de-
vice (CCD) detector (Symphony, Jobin Yvon) optimized for near-ultraviolet
light. The 413 nm emission line of a Kr* laser (Innova 90C, Coherent)
was used for excitation. The laser beam was first directed through a pre-
monochromator (Laserspeclll, Spectrolab Research Laboratory, Newbury,
England) in order to remove background radiation consisting of plasma lines
produced by the laser medium.

The optical beam path was further guided by a series of adjustable mirrors
through an acousto-optic modulator (AOM) (A.A. MT200/ A0,5 @ 400 nm
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Figure 4.5: The SERRS setup is based on a confocal Raman microscope
combined with a newly designed SERRS cell. Excitation is achieved by a
Krt laser. An AOM allows blocking of the laser beam intermittently and
therefore generating short laser pulses in the ms range.
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01/24091, A.A. opto-electronique, St. Remy, France) and finally coupled into
the confocal microscope (BX41, Olympus). The laser beam was focused onto
the protein sample, by a long-distance water immersion objective (Olympus
LUMPLFL, 100 XW, WD = 1.5, NA = 1, BFOBJ) optimized for transmis-
sion of near UV light. The scattered light was then collected by the same
objective and guided through a notch filter (413 nm) designed to filter out
Rayleigh scattered light. The Raman scattered light was then focused onto
the confocal pinhole of the microscope providing spatial resolution. Spectral
resolution was achieved by an 1800 grooves/mm grating. The spectrum was
imaged onto the CCD detector with an area of 2048 x 512 pixels. The focal
length of the spectrograph was 800 mm. Thereby a spectral resolution of
3 cm~! was achieved. The increment per data point was 0.4 cm ™.

A software controlled (Gpes, Autolab) potentiostat (Autolab, PGSTAT302,
Eco Chemie, B.V., Utrecht, Netherlands) was used for modulation of the
potential applied to the protein.

4.4.2 Time-Resolved Measurements

Time-resolved measurements were realized by periodic electrochemical exci-
tation of the protein combined with synchronized illumination of the sample
by short laser pulses in the ms range. For this purpose the laser beam was
subsequently passing an AOM.

The AOM was mounted on a stage allowing free movement in x-, y-,
z-directions and adjustment of the angular position in order to efficiently
couple the laser beam onto the quartz crystal to achieve an optimum of light
intensity. The AOM was controlled by a function generator (33250A 80 MHz,
Agilent), which routed the exciting laser light onto the sample or blocked the
beam, respectively.

In time-resolved measurements a master signal provided by a function
generator (20 MHz 8021, Tabor Electronics) was used to trigger the periodic
step potential of the potentiostat as well as the function generator controlling
the AOM. The triggering process was screened by an oscilloscope (9354AM,

LeCroy), and a synchronized electrochemical and optical excitation of the
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Figure 4.6: Principle of TR-SERRS measurements. TR spectra were ob-
tained by excitation with short laser pulses, which were synchronized with
the electrochemical excitation of the protein sample.

protein was achieved (Figure [4.6)).

4.5 Other methods

Methods used to characterize samples or used to follow the progress of prepa-
ration steps but were not fundamental part of the dissertation are describes

below.

4.5.1 Dynamic Light Scattering

Dynamic light scattering (DLS) was performed with a setup from ALV (ALV-
Laser Vertriebsgesellschaft mbH, Langen, Germany). It consists of a HeNe
laser as the light source, a goniometer (ALV-Laser Vertriebsgesellschaft mbH,
Langen, Germany) to control the detector angle, and a fiberoptic detector
to measure the intensity of the scattered light. The width of the laser beam
was reduced to 1 mm by using a two-lens system. The size distribution of

the AgNPs was obtained from intensity time correlation functions obtained
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from the homodyne detected scattered intensity using an ALV 5000 hardware
correlator. The AgNP suspension obtained from the procedure described
above was diluted at a ratio of 1:10. Dust particles were removed from the
suspension by filtration with Millipore filters; pore size 0.45 um. Cylindrical
Suprasil light scattering cuvettes of 10 mm diameter were used. The cuvettes
were kept in a temperature-controlled toluene bath to avoid diffraction from

the glass walls.

4.5.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were taken using a SEM in-
strument (1530 Gemini, Leo/ Carl Zeiss SMT - Nano Technology Systems).
Some images were recorded showing exaggerated contrast in order to allow

for automated particle counting.

4.5.3 Atomic Force Microscopy

Atomic force microscopy (AFM) was performed using a Dimension 3100
Scanning Probe Microscope (Veeco Instruments), which was set up in a spe-
cial acoustically sealed chamber in order to reduce ambient noise. Samples
were scanned in the tapping mode. One line per second was scanned with a

resolution between 256 and 512 points per line.
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Chapter 5

Results and Discussion

5.1 A Novel Measuring Cell Design for SERRS
Applications

5.1.1 Introduction

Photodegradation of the protein by the incident laser beam is a serious prob-
lem in near UV Raman scattering [66]. In order to overcome this problem,
a number of setups were designed to reduce the exposure time of the active
area to the laser beam. This was achieved by using either a rotating Ag ring
electrode [67], a linearly moving Ag disk electrode [68] [69], or a rotating disk
electrode (RDE) [20] [70]. The latter solution seemed the most promising,
particularly as far as the RDE was mounted upside down so that the laser
beam could be focused onto the surface from above. A setup using this prin-
ciple was described only once and not in great detail. Later on these authors
returned to their earlier design of the rotating Ag ring electrode [71], [72]. The
reason might be that some other details of the cell design were not solved
properly, for example, the sealing of the fluid-containing cell body versus the
rotating shaft of the electrode. Another problem is the electric contact to
the rotating electrode. In the following a new measuring cell is presented
taking these problems into account. The power of the laser beam can thus

be reduced to 100 uW or even lower compared to the rotating ring and lin-
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early moving disk, which use 5 [69] or 60 mW [67], respectively. The new
setup was then used to perform time-resolved (TR) SERRS measurements

on cytochrome ¢ (cc).

5.1.2 Results

A custom-made measuring cell was designed for spectro-electrochemistry us-
ing SERRS (Figure 5.1)). It is based on a rotating disk electrode (RDE),
turned upside down for illumination by means of a confocal Raman micro-
scope. To prevent photodegradation of the protein, the RDE was mounted
on top of a rotating axis, which was belt-driven. A constant speed of 800
rpm is achieved using a DC-motor (FAULHABER 3863H012C 38A 1:5). In
order for the surface of the electrode to stay exactly in the focal plane of
the confocal microscope at all times, it had to be machined very precisely
(deviation < 10pum). Moreover, the 10mm drive shaft was inserted in the cell
body by two high precision ball bearings (GRW Gebr. Reinfurt GmbH and
Co. KG, Wiirzburg). The cell body was made from polymethyl methacry-
late (PMMA). The drive shaft was constructed from a stainless steel rod to
provide mechanical rigidity. A conductive bolt was inserted into the drive
shaft insulated by an epoxy casting resin (3430 Aand B Hysol, Loctite). A
cross-section of the drive shaft is depicted in figure [5.2] The silver electrode
was mounted on top of the conductive bolt by a thread, while the lower end
was connected to the agile part of a mercury contact (custom-made, provided
by Eco Chemie, B.V., Utrecht, Netherlands). Sealing the silver electrode, in-
serted into the aqueous buffer solution, against the cell body was achieved
by a special axial face sealing (Hatech GLRD HT 921, technico Vertriebsge-
sellschaft mbH and Co. KG, Westerkappeln, Germany). The cell was sealed
from ambient air by a lid made from PMMA through which the immersion
objective extended into the fluid reservoir of the measuring cell. The reser-
voir was hermetically sealed by an O-ring between the objective and the lid
to allow for an anaerobic atmosphere. Furthermore, a platinum wire used as
counter electrode, a reference electrode (Ag/AgCl, KCl sat.), and inlet and

outlet tubes were also inserted into the lid. The measuring cell was mounted
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Figure 5.1: Cross section of the novel SERRS cell design. High precision ro-
tation of the electrode allows for minimal-invasive observation of the protein
by low-power laser irradiation. Permanent electrical contact is achieved by a
mercury contact connected by a conductive bolt to the Ag-RDE. The drive
shaft is sealed against the cell body by an axial face sealing.
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Figure 5.2: The drive shaft was the most challenging part developing the

SERRS measuring cell.

Running smoothness is assured by using a rigid

stainless steel rod which is embedded into the PMMA cell body by high
precision ball bearings. A conductive bolt is concentrically mounted by an
epoxy glue having good insulating properties. The static part of the face
sealing sealed the liquid reservoir against the cell body by an o-ring. The
agile part was pressed against it by means of a spring. The Ag electrode was
screwed on top while on the bottom the conductive bolt was connected to
the agile part of the mercury contact, thus providing electric contact between
the silver electrode and the potentiostat.
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Figure 5.3: The working principle of the new measuring cell for SERRS. Only
the functional components are shown. The RDE is illuminates from top by
means of a water immersion objective. The backscattered light is collected
by the same. A counter electrode and a reference electrode were also inserted
into the lid. An offset of the RDE from the center of the microscope objective
can be adjusted by a linear optical table.
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on a linear optical table whereby the offset of the silver electrode from the
center of the microscope objective was tunable. The working principle of
the novel cell design is demonstrated in Figure |5.3| where only the functional

groups are depicted.

5.1.3 Conclusion

The essential element of the SERRS setup turned out to be the measuring
cell. Previous experiments with different sealing gaskets such as retaining
ring seals proved to be not sufficient to prevent the electrolyte from leaking
into the ball bearings [65, [73]. A tight seal was achieved only by an axial
face seal that requires a strong motor for rotation. Other important factors
were the machining precision that prevents wobbling of the electrode, thus

keeping it in focus and at the same time allowing for a low laser power.

5.2 Electron Transfer Kinetics of Cytochrome
c Probed by Time-Resolved SERRS

5.2.1 Introduction

Heterogeneous electron transfer of heme proteins adsorbed on metal sur-
faces can be investigated by spectro-electrochemistry [20, 67H72, [74-76]. A
combination of surface-enhanced infrared absorption spectroscopy (SEIRAS)
[77-79] and surface-enhanced Raman scattering (SERS) is particularly ad-
vantageous in this context. SEIRAS is designed to register changes of the
protein backbone whereas SERS is sensitive to vibrations of the porphyrine
ring [80H82], particularly in the resonance Raman (RR) mode [31] 83]. A
strong absorption band in the visible blue frequency range is characteristic
for heme proteins corresponding to the m —7* transition of the porphyrin. In
order to obtain resonance Raman spectra the excitation wavelength must be
concur with this transition. The band was named Soret band after Jacques-
Louis Soret who discovered the characteristic absorption in 1883 [30]. In case
of cc the Soret band is found at 410 nm.
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Cc is known to adsorb on self-assembled monolayers (SAMs) bearing dif-
ferent end groups in different orientations. The heme cleft is either oriented
perpendicularly to the electrode or at a 90° angle in the case of terminal car-
boxyl [84] 5] and pyridyl groups [86], respectively, thus facilitating electron
transfer (eT). These orientations were investigated in detail by TR-SERRS
[72]. ET rates were found in the range of k.r = 42 — 2400 s~ depending on
the tunnelling distance to the heme center given by the spacer length of the
SAM. Cc adsorbed to OH-terminated layers, however, attracted less atten-
tion, as the heme cleft is directed away from the surface so as to hamper eT.
Kinetic constants of cc adsorbed to mercaptoethanol (ME) layers obtained
by electrochemistry were reported to be in the range of k. = 20 s~ [87].
TR-SEIRAS was used to determine €T rates of cc on the same architecture,
but on a surface roughened by the assembly of Au nanoparticles (NPs) [88)].
By applying overpotentials of +500 and —100 mV, respectively, relatively
high eT rates were generated. In this case k.r was found to be in the range
of 1800 s7t. It was concluded from this study that the morphology of the
surface might also play a role for the €T rate. SERRS also requires rough
surfaces [35 [37]. In the present work TR-SERRS was used to investigate eT
to cc adsorbed on ME layers.

5.2.2 Results

Cc adsorbed on the ME-modified Ag electrode was shown to be electroactive
by cyclic voltammetry. The cyclic voltammogram (CV) shows cathodic and
anodic peaks at 207 and 261mV, respectively, with a peak separation of 54mV
indicating a diffusion-controlled process (Figure . However, the peak
width of 95 mV is more compatible with an adsorbed species. Adsorption is
also indicated by the dependence of electrochemical and SERRS signals on
the immersion time and also of the ionic strength of the bulk solution. These
results indicate the adsorption of cc at equilibrium with cc in solution.
Reduction and oxidation of cc was then followed by SERR spectra recorded
as a function of applied potential (Figure[5.5). This was done using the newly
developed SERRS measuring cell (Section . The marker band region be-
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Figure 5.4: CV of cc adsorbed on a SAM of ME on the silver electrode shows
cathodic and anodic peaks at 207 and 261 mV, respectively.

tween 1300 and 1650cm ! exhibits four bands, which were assigned previously
to the inherent vibrational modes (v, V3, 14, Vo) of the porphyrine ring [31].
The most prominent bands observed at 1361 and 1374 cm™! account for the
reduced and oxidized species, respectively. They are considered in terms of a
distortion mode of the pyrrole halfring (v4), which is highly sensitive to the
redox state of the central metal ion. According to Hu et al. [82] and Li et al.
[89] the bands vy, v3, and vy originate from C-C stretching modes, which
are, v(Cg — C3), V(Co — Cp) sym, and v(Co — Cy,)asym, respectively.

The potential dependent transition from the reduced to the oxidized state
of cc was clearly indicated by a gradual shift of the v4 band from 1361 to
1374 cm™! (Figure [5.6). The intensities of the bands were determined by
deconvolution of the Raman spectra as shown in Figure 5.7 The intensity
of the marker band at 1361 cm™! can be correlated to the concentration of
the reduced species of cc. A sigmoid function (Equation was fitted to

the intensities plotted versus applied potential.

1
L+exp[(E - Eip)/¢]

Isgrrs = (5.1)

Iserrs denotes the relative intensity of the v, band at 1361 cm™*. Eip is

the inflection point reflecting the midpoint potential E,, of the heme and ¢
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Figure 5.5: Potentiostatic titration of cc by SERRS. Spectra of cc were ac-

quired at different static potentials applied to the immobilized protein. (1)
+20, (2) +130, (3) +170, (4) 4190, (5) 4210, and (6) +330 mV.
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Figure 5.6: Band assignment of the SERR spectra. The band v, resulting

from a distortion mode of the pyrrole half-ring was used as a sensitive marker
for the redox state of the protein.
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Figure 5.7: Deconvolution of a SERR spectrum recorded at +170 mV. Ex-
perimental data (black), overall fit (green), peaks from the reduced (blue),
and oxidized (red) species of cc are displayed.

is a scaling factor. Ideally ¢ = RT/F =25 mV at T = 25 °C in accordance
with the Nernst equation. The parameters were determined to be ¢ = 36 mV
and By, = E,, = 160mV (Figure[5.8).

TR-SERR spectra were then recorded triggered by the application of pe-
riodic potential pulses stepping between the initial potential F; = +380 mV
and the final potential £y = —110 mV, thereby alternating between the re-
duced and oxidized state of the protein. The frequency was adjusted to 10 Hz
(Figure . Spectra were taken at different delay times after the application
of the initial potential by illuminating the sample during measuring intervals
At of 5 ms.

By increasing the delay time from 0 up to 100 ms, a series of 20 spectra

was obtained, 10 for each half-period. The overall accumulation time of each
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Figure 5.8: Relative intensity of the peak at 1361cm ™" plotted vs the applied
potential. Solid squares represent the experimental data. The solid line rep-
resents the fitted sigmoid function providing a calculated midpoint potential
of E,, =160 mV.
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Figure 5.9: In TR-measurements, a periodic step potential is applied to
the protein, which is synchronized with the illumination of the sample by
short laser pulses (At = 5 ms) after different delay times §. The increase
or decrease in concentration of the reduced species of cc is observed by the
intensity change of the corresponding Raman peak at 1361 cm ™!,
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Figure 5.10: Time resolved SERR spectra of cc recorded after different delay
times dt (0, 5, 10, 15, 20, 25, 30, 35, 40, and 45 ms from top to bottom) after
a potential jump from -110 to +380mV (a) and after a potential jump from
+380 to —110 mV (b).

spectrum and time step was 100 s. Consequently the overall illumination
time added up to 5s.

The oxidation and reduction process was captured in the spectra 1 to 10
(Figure[5.10]a) and 11 to 20 (Figure[5.10]b), respectively. The SERR spectra
depicted in Figure [5.10| were plotted from raw data, baseline corrected but
not smoothed or averaged over multiple measurements. The peak intensity
was plotted as a function of time and monoexponential functions were fitted
to the data sets (Figure a and b). The fit-functions

Al (t) = Alpmaz.on €XP|—kox (t — t0.02)] + Alp ox (5.2)
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Figure 5.11: Intensity of the SERR peak at 1361 cm™! is plotted vs the
time after the potential jump. Experimental data of a single representative
sample and a fit to a monoexponential function are depicted. The resulting

time constant was calculated to be k,, = (46+7)s! for the oxidative branch
(a) and k,q = (84 £ 20) s™! for the reductive branch (b).

and
AIT (t) = AImax,rd{l — exp[—krd(t — tO,rd)]} —|— AIO,T‘d (53)

were used for the oxidative and reductive branches, respectively, yielding a
rate coefficient of k,, = (46 + 7) s for the oxidative branch and k,q =
(84 £ 20) s7! for the reductive branch. Al,,(t) and Al4(t) are the SERRS
intensities as a function of time, /44,00 and Ipez 4 are the maximal inten-
sities of the SERRS signal, Al, are the intensities at the starting point of
oxidation / reduction, and t, are the start times for the oxidative and re-
ductive branches, respectively. The measurements were repeated three times
using different samples. Time constants calculated from each individual data
set were averaged. The overall error includes the experimental error (e.g.,

sample preparation) as well as the statistical error.

5.2.3 Conclusion

The standard redox potential (E° = 234 mV) obtained from cyclic voltam-
mograms corresponds very well to values reported in the literature [87]. This

indicates the electroactivity of cc on the electrochemically roughened Ag
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surface. The redox potential obtained by potential-dependent static SERR
spectra (F,, = 160 mV), however, was found to deviate from the standard
redox potential (E° = 230 mV). This and the increased slope of the Nernst
plot obtained by potential-dependent static SERR spectra have also been
observed by others [67]. The reason could be the long time the protein is
exposed to external potentials. This would indicate a certain instability of
the layer structure of cc adsorbed to the ME monolayer.

The time needed to acquire data from TR-SERRS measurements is much
shorter. Hence rate constants obtained from monoexponentials obtained by
TR-SERRS are considered reliable. They compare favorably with k. =
20s™! reported in Haas et al. [87] at least as far as the order of magnitude is
concerned.

In any case, the eT transfer rate of cc adsorbed to a ME-modified rough-
ened Ag electrode is much lower (between 46 and 84 s™') than that found
by TR-SEIRAS on a Au electrode modified by AuNPs (=~ 1800 s7!). The
low value was explained by the authors of Haas et al. [87] in terms of the
orientation of the heme cleft pointing away from the electrode, which is not
in favor of an effective eT. The electrochemically roughened Ag electrode
behaves very much like a flat electrode modified by ME. Hence the morphol-
ogy of the surface does not seem to play the same role as in the case of Au
electrodes modified by AuNPs.

5.3 Silver Surfaces with Optimized Surface
Enhancement by Self-Assembly of Silver
Nanoparticles for Spectroelectrochemical

Applications

5.3.1 Introduction

Surface enhanced Raman scattering requires the use of metal substrates ex-

hibiting a defined roughness on the nanometer scale. A variety of methods
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to produce such substrates were introduced so far [67, 90H92]. The most
frequently used method is the electrochemical roughening of silver [67, Q0]
as used in this work for investigating cc by SERRS (Sections and .
However, artificial membrane systems such as the ptBLM require flat sur-
faces, while on the one hand the surface roughness is indispensable for suf-
ficiently high Raman intensities. In this context a novel surface architec-
ture was developed based on a planar silver substrate modified with silver
nanoparticles. This architecture proved to allow for both, a proper membrane
formation and a high electro magnetic field enhancement. Raman scattering
is a weak photon-molecule interaction. The Raman scattering cross section
is on the order of magnitude of 1073° cm™! [93]. Nevertheless, Raman spec-
troscopy has become an important analytical tool in many fields of science,
such as chemistry, medicine, and the life sciences [94-96]. This is mainly due
to the fact this technique experienced a dramatic impulse by the discovery of
the surface enhancement effect of roughened surfaces by Fleischmann et al.
[35].

Different mechanisms contribute to the enhanced Raman scattering of
molecules adsorbed on rough metal substrates. The electromagnetic enhance-
ment effect [36] (EMEE) and the chemical enhancement effect (CEE) [37],
the latter also known as charge transfer effect, are of great interest in this
context. The EMEE is based on collective electron oscillations in resonance
with the exciting laser wavelength yielding high electromagnetic field en-
hancement in the proximity of the metal surface [97]. In the literature such
electron oscillations are often referred to as localized surface plasmons (LSP),
particularly if they are excited within nanoscopic metal structures such as
colloids or rough surface bumps. When two or more nanostructures approach
each other to an extent where there is an overlap between the electromag-
netic (EM) fields radiated by the LSPs, so-called coupled LSP oscillations
may occur [98-101]. Coupled LSP exhibit an even higher EM field enhance-
ment in the gap between two nanoparticles (NP) [102]. These gaps between
resonantly coupled NPs are referred to as "hot spots”. Moreover, the reso-
nance frequency of such complexes can be shifted away from the frequency

of single NPs [103]. Touching particle pairs exhibit a conductive bridge in
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the plane of electron oscillation and are thus capable of being excited with
additional LSP modes at lower frequencies [100, 103]. At the same time the
primary modes are still red-shifted as in the case of nearly touching parti-
cles [101], 103]. The EMEE is capable of enhancing the intensity of Raman
spectra of all molecules in close proximity to the metal substrate. Contrary
to the EMEE, the CEE only occurs if the probed molecules are adsorbed on
the surface. The underlying mechanism is a charge-transfer resonance be-
tween the metal substrate and the adsorbed molecule. Assuming the Fermi
level of the metal is located between the ground state and an excited state of
the molecule, charge transfer transitions from the Fermi level to the excited
state, as well as transitions from the ground state to the Fermi level, can
contribute to the CEE [39, [47].

Although these effects are now well understood, it is still difficult to differ-
entiate between contributions from EMEE and CEE. EM enhancement may
be observed in the absence of chemical enhancement when the molecules are
not adsorbed to the metal substrate. In contrast, chemical enhancement is
always accompanied by EM enhancement. Notwithstanding the enhance-
ment effects, poor signal-to-noise ratios in Raman spectra are an inherent
problem of the weak scattering process. Particularly low intensities are ob-
served while probing a monolayer of molecules in the case of spectroelec-
trochemistry. The short accumulation time of time-resolved spectra further
limits the quality of the spectra. Nevertheless, spectroelectrochemistry as
well as time-resolved Raman spectroscopy in combination with the surface
enhancement gives access to parameters such as rate constants of electron
transfer or conformational changes in proteins inaccessible by normal Raman
experiments [I04]. In the majority of surface-enhanced (resonance) Raman
scattering (SER(R)S) experiments, however, electrochemically roughened sil-
ver electrodes were employed [67, 00, 104]. A drawback of this technique is
that the enhancement effect is hard to control. It heavily depends on the
exact conditions of the oxidation-reduction cycle (ORC), i.e., the duration
and magnitude of the applied potential as well as the molarity of the salt
solution. Nevertheless, Taylor et al. [105] reported a typical enhancement

factor of 2-10* for such substrates. Wen and Fang [106] made an attempt to
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improve the enhancement factor by adsorbing silver nanoparticles on electro-
chemically roughened silver electrodes. This technique, however, was not de-
signed to overcome the high surface roughness obtained by any kind of ORC.
The high roughness does not allow the arrangement of well-ordered monolay-
ers, often significant in the context of electrochemical processes. Moreover,
controlling the enhancement effect remains a problem due to irregularities of
the underlayer.

In order to overcome these drawbacks an attempt was made to develop
a SERR-active surface by the adsorption of silver colloids on a planar silver
surface. Varying the amount of adsorbed NPs gave us the advantage of a
controlled enhancement effect. Moreover, the roughness was dramatically re-
duced compared to the electrochemical roughening as it was determined only
by the size of the colloids. Such LSP of nanostuctures have been reported be-
fore, however, on dielectric or semiconductive surfaces such as glass, silicon,
or ITO [100, 101, 107]. Colloidal particles are not conductively connected in
this case, unlike the conducting silver surface. Possible effects of this conduc-
tive connection were investigated together with the effect of the distribution
of NPs on the Ag surface. The number of NPs on the surface was controlled
by varying the adsorption time. The correlation between the number of NPs
and Raman intensity was examined using cytochrome ¢ (cc) adsorbed to a
monolayer of mercaptoethanol, as a reference. LSPs were excited using the

413 nm line of a KrT laser.

5.3.2 Results

Silver nanoparticles were fabricated by the method developed by Turkevich
and Frens using citric acid as a reducing agent (Section m The additional
use of formaldehyde proved very effective in suppressing cluster formation.
As a result, dynamic light scattering (DLS) revealed a highly monodisperse
solution of spherical NPs of an average size of 39 nm (inset, Figure .
UV-vis spectra of the colloidal suspension showed a distinct maximum of the
extinction at a wavelength of 410 nm. This corresponds to the wavelength of

the laser beam (413nm) used for the excitation of the Raman scattering. The



5.3. OPTIMIZED SURFACE ENHANCEMENT 79

3.0

2.5+

2.0 4

Dh/nm

= 4 e e 10 120 140 160

extinction / a.u.

angle /°

1 v L] v 1 M L] M L] v 1
300 400 500 600 700 800

wavelength / nm

Figure 5.12: UV-vis spectrum of AgNPs in solution. A distinct local maxi-
mum at 410 nm indicates the LSP resonance of the nanospheres. Inset: DLS
data. The average size of the AgNPs amounts to 39 nm.
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Figure 5.13: Raman intensity of the v, band plotted as a function of NP
adsorption time (black) compared to the total number of NPs adsorbed on
the surface (green). The Raman intensity is proportional to the number of
NPs as long as the interparticle distance does not allow for LSP coupling of
neighboring NPs.



80 CHAPTER 5. RESULTS AND DISCUSSION

absorbance maximum of 410 nm indicates the excitation of localized surface
plasmons within the NPs at this particular wavelength (Figure |5.12)).

AgNPs thus formed are characterized by a negatively charged envelope of
citric acid, which enables them to adsorb on the positively charged monolayer
of cysteamine (CA) on the flat surface of a silver rod. Once adsorbed, the
NPs could not be removed by rinsing with water or other solutions, even those
containing thiols such as mercaptoethanol (ME). Such a solution was later
used to modify the outer surface of the assembly of AgNPs with yet another
monolayer of ME. Particles were assembled on the surface by immersion into
the suspension of AgNPs at the concentration as obtained by the preparation

procedure described above.

The number of AgNPs per unit area adsorbed on the SAM of CA was
controlled by varying the time of immersion of the polished silver rods in
the colloidal suspension. The number of particles finally obtained was taken
from SEM images of the modified surfaces. Particle counting was done by
the software ImageJ. Within a range of minutes (< 16 min) the number of

2 as a function of the immersion time

particles increased up to 35 NPs/pm
(Figure . For each data point 2-3 different samples have been analyzed
at 2-3 different spots. The error bars given in the figures represent the
experimental error (e.g., particle counting) as well as the sample-to-sample
deviation. Particles were explicitly separated from each other in this regime
(Figure . This was not the case when immersion times were longer
than 16 min. At a certain particle density (&~ 100 NPs/um? or after 1 h)
adsorption of further particles no longer correlated with time anymore. After
3 h, the particle density reached ~ 270 N Ps/um?, and a further adsorption
of NPs could not be observed (Figure . This might be due to repulsive
forces originating from the surface charges of the silver spheres. The highest
enhancement was not observed on surfaces with the highest NP coverage.
Hence, not all NPs contribute to the EM field enhancement as in the low
particle density regime. The highest enhancement was achieved after an
adsorption time of ~ 2 h when a particle density of &~ 200 N Ps/um? was
reached. Further adsorption of NPs did not lead to higher peak intensities,

but to a decrease in enhancement. In fact, a definite correlation between the



5.3. OPTIMIZED SURFACE ENHANCEMENT 81

® .

0 pm Date :24 Jul 2008  Time :10:45
Titt Corrn, = Off WD= 1mm Signal A = InLens Noise Reduction = PixeyAvg Filament Age = 4342.27 Hours

User Name > GuasSen Il Rt = Off _ Mixing = Off Mix Signal = 0.00e+000 _Signal B = InLens Extractor ¥ = 5.40 kY File Name = 25832-03 fif

. - 3 & i i ) 3
- P 2pm Scan Rotation = 00Deg Tit Angle = 0.0Deg EHT = 3.00kV Image Pixel Size = 14.37 nm  Aperture Size = 30.0(

Figure 5.14: SEM image of AgNPs after an adsorption time of 16 min. Indi-
vidual NPs are strictly separated from each other; hence, no particle inter-
actions occur.
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Figure 5.15: Raman intensity of the v, band plotted as a function of NP
adsorption time (black) compared to (a) the total number of NPs adsorbed
on the surface (green) and (b) the number of strictly separated NPs. The
Raman intensities do not correlate with the total number of NPs, but instead
with the number of strictly separated NPs.

total amount of NPs and the peak intensities in the Raman spectra was not
found (Figure [5.17] a).

This behavior was correlated with the enhancement effect by measure-
ments of SERR spectra of cc adsorbed on the different surfaces via a mono-
layer of ME. For this purpose the Raman band v, at 1374 cm ™! of oxidized
cc resulting from a distortion mode of the pyrrole half-ring [82] was used as
a marker band. Its peak intensity was then correlated with the surface en-
hancement. In the low particle density regime (< 16 min) the peak intensity
of the v4 band was directly proportional to the number of particles. Hence,
all the NPs contributed equally to the observed signal by enhancing the EM
field in close proximity of the individual particles (Figure .

A detailed analysis of the particle distribution was performed using the
software ImageJ (particle detection and counting) and Gimp 2.0 (image
processing) to evaluate SEM images. This allowed to discriminate between
separate NPs and clusters of adhering NPs (Figure . The distribution
across the plane of the silver surface revealed a steady increase of clusters of
particles in direct contact and therefore forming conductive bridges between
neighboring particles (Figure . A strict discrimination between sepa-
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Figure 5.16: SEM images of NPs after adsorption times of 1 (a), 2 (b), and 3
(c) h. The total amount of NPs increases from 1 to 3h adsorption time. The
lower row shows the same SEM images with particle clusters and separated
particles colored red and green, respectively. The amount of particle clusters
increases from 1 to 3 h adsorption time, while the amount of separated NPs
reaches its maximum after 2 h.
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Figure 5.17: Uv-vis spectrum of NPs adsorbed on a 50nm Ag film on a glass
substrate after adsorption times of 1 h (lower trace) and 2 h (upper trace).
Local maxima of the extinction are observed at around 390 and 600 nm due
to LSP resonance of separated NPs and particle clusters, respectively.
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rated NPs and those arranged in clusters gives evidence of the correlation
between the peak intensities of Raman spectra and the amount of separate
NPs (Figure [5.15 b). NPs arranged in clusters of two or more particles did
not contribute to the enhanced Raman signal. UV-vis spectroscopy revealed
large shifts to higher wavelengths in the LSP resonance of particle aggregates
(Figure . The spectra were recorded using 50 nm evaporated silver on
a glass slide as a substrate for AgNP adsorption. The two local extinction
maxima at 390 and 600 nm resulted from different modes of LSP resonance.
They were assigned to the LSP resonance of separated NPs and the particle
clusters of two or more particles, respectively. Thus, NP aggregates were not
amenable to the excitation of LSPs at the same wavelength as a single NP.
Consequently, they did not contribute to surface-enhanced Raman scattering.
Large red shifts in the resonance frequency of particles touching each others
were shown previously, both theoretically and experimentally [100, 10T, [107].

Nevertheless, the resonance frequency of the LSP of single NPs was still
in a range to be excited with the 413 nm laser line, although Ag was used
as a conductive substrate in contrast to the work of others, who used dielec-
tric substrates such as glass. However, the extinction maximum of isolated
AgNPs was slightly downshifted to ~ 390 nm. This effect can be explained
in terms of the permittivity of the surrounding media of the AgNPs, which
is known to affect the LSP resonance frequency. In the case of the AgNP
suspension the surrounding medium was basically water, while in the case of
adsorbed NPs, the NPs were surrounded by air. The permittivity of water
exceeds the permittivity of air, whereby LSP resonance is shifted to higher
energies.

A conductive substrate was employed in order to perform spectroelectro-
chemical measurements. Therefore, all NPs were in electric contact with each
other via the plane of the silver electrode. This did not seem to affect the
resonance frequency of the LSP. It can be concluded that optical properties
of NP assemblies are affected only by conductive bridges in the plane of local
electron oscillations.

As a further parameter of the image analysis, the average distance to the
next neighbor (NN) was obtained (Figure [5.18). Single, nontouching NPs
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Figure 5.18: Histograms show the statistical distribution of the distance to
the next neighbor for each particle. The NP adsorption times were 1 (a), 2

(b), and 3h (c). The average distances to the next neighbor were 51, 45, and

51 nm, respectively.
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Figure 5.19: Raman spectra of cytochrome ¢ adsorbed on a layer of AgNPs
(upper trace) and adsorbed on the plane of a polished silver electrode (lower
trace).

were separated by 45-51 nm on average, the distance being in the range of
the particle diameter. In the case of 2 h assembly time, the distribution of
NN shows a tendency to distance lower than the NP diameter, as compared
to both the 1 and 3 h. This could explain the slightly disproportional in-
crease in Raman intensity compared to the increase in separated NPs after
an adsorption time of 2h. The effect might be due to such coupled LSPs and
the increase in the EM field strength as a consequence of the coupling effect.
However, from the distance distribution to the NNs it follows that coupled

LSPs are of importance for only a minor fraction of the separated NPs.

In Figure [5.19] the Raman scattering spectra of cc is depicted. The
AgNP-modified substrate used in this case was prepared under the conditions
found to be optimal in terms of Raman signal enhancement; i.e., AgNPs
were allowed to adsorb for 2 h. The signal accumulation time was 15 s, and
the laser power was adjusted to less than 100 uW. A SEM image of this
AgNP substrate is shown in Figure Finally, the total average SERRS
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Figure 5.20: SEM images of AgNPs after an adsorption time of 2 h. The
image illustrates the narrow distribution in size of the adsorbed NPs. Most
NPs are separated from their next neighbor, but a small fraction is arranged
in clusters of two or more particles.
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enhancement factor was calculated according to Le Ru et al. [10§]

[SERRS Nsurf
EF = . 5.4
IRR Nvol ( )

with Isgrrs and Irr the Raman intensity observed on the SERRS-active
surface and in solution, respectively, and Ng,,; and N,y the number of sam-
pled molecules adsorbed on the surface and in solution. Ng,r and N,, was
estimated respectively to be 3.75-10° and 3.75 - 10® molecules from the peak
area of cyclic voltammograms of cytochrome ¢ (Figure and the molar-
ity of the sample solution and the volume illuminated by the laser. The
SERRS intensity was ~ 100 times higher compared to the resonance Raman
intensity, while the signal accumulation time was 15 and 150 s, respectively.
Taking these data into account, the enhancement factor was calculated to
be EF = 10°. The SERRS intensity increased by a factor of up to 4 on the
newly developed surface compared to previous experiments with cytochrome
¢ adsorbed on electrochemically roughened silver electrodes. The enhance-
ment factor for electrochemically modified silver substrates is known to be
in the range of 2-10* [105], which is in line with the calculated EF of 10° for
the novel silver substrate modified with AgNPs.

In order to test the electrochemical activity of the newly developed SER(R)S-
active silver substrate, a spectro-electrochemical titration of cc was per-
formed. Cytochrome ¢ was adsorbed on a SAM of ME. Changing the applied
potential stepwise between -50 and +350 mV vs NHE, SERR spectra were
taken (Figure(5.21)). The protein showed a transition from the reduced to the
oxidized state, as deduced from the v4 band changing from 1361 to 1374cm™1.
This is in line with the previous studies on cc on electrochemically roughened
silver electrodes (Section [104]. The relative intensity of the v, band at
1361 cm™! was plotted as a function of applied potential (Figure and

fitted to the sigmoidic function

1
L+exp[(E - Ejp)/¢]

Isprrs = (5.5)

where Isprrs denotes the relative intensity of the v4 band at 1361cm~!. E;
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Figure 5.21: Potentiostatic titration of cc by SERRS. Spectra of cc were
acquired at different static potentials applied to the protein immobilized on
the SERR-active Ag surface. (1) -50, (2) +20, (3) +80, (4) +130, (5) +170,
(6) +190, (7) +210, (8) 4250, (9) +300, and (10) +350 mV vs NHE.
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Figure 5.22: Relative intensity of the v, band at 1361 cm~! plotted vs the
applied potential. Solid squares represent the experimental data. The solid
line is the fit of Equation providing a calculated standard potential of
E,, =181 mV.

is the potential of the inflection point, which reflects the midpoint potential
E,, of the redox center, and ¢ is a scaling factor. Ideally, ¢ = RT/F =
26 mV, and E;, = £, in accordance with the Nernst equation. Ej, revealed
a midpoint potential of E,, = (181 & 4) mV, and the scaling factor was
¢ = 49 mV. From this fact it can be concluded that cc adsorbed to a
monolayer of ME can be electrochemically reduced and oxidized on the newly

developed SERR-active surface.

5.3.3 Conclusion

A SE(R)RS-active surface was developed by assembling a monolayer of Ag
NPs on a silver plane. By varying the number of NPs per unit area the
enhancement factor could be tuned so as to exceed that of electrochemi-
cally roughened silver electrodes. Under optimum conditions the total av-
erage enhancement factor calculates to EF = 10°. The enhancement factor
was shown to be determined largely by the number of explicitly isolated
NPs rather than NP clusters. This effect could be explained in terms of

LSPs equivalent to NPs on nonconducting surfaces such as glass. Distances
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between single NPs were not small enough to play a decisive role for the
enhancement factor at the particular wavelength used (413 nm). The con-
ducting underlayer of the Ag plane, on the other hand, did not seem to be
prohibitive for the surface enhancement, while it allowed the application of
spectroelectrochemistry. This was tested by potentiostatic titration of cc ad-
sorbed on a SAM of ME. The results demonstrate an electrochemical activity
similar to electrochemically roughened electrodes.

At the same time the new SE(R)RS-active substrates are easy to pro-
duce. This is quite an important fact since investigations of complex systems
such as CcO in a ptBLM architecture can require the preparation of a large
number of samples. Preparing the biomimetic membrane system not only
presupposes experience but it also needs a long time to proceed through all
fabrication steps (up to 5 days). Hence, an easy and fast preparation of the
SE(R)RS-active substrates is an important feature for the user.

In the context of spectroelectrochemistry, the newly developed surface
has the potential to replace electrochemically roughened silver as a standard

substrate for SER(R)S measurements.

5.4 Cytochome c Oxidase: Electrochemically
Induced Electron Transfer Probed by Sur-
face Enhanced Resonance Raman Spec-
troscopy (SERRS)

5.4.1 Introduction

Electrochemical reduction and oxidation can provide interesting insight into
structure-function relationships of redox proteins, particularly in combina-
tion with spectroscopic techniques [109, 110]. Raman as well as FTIR spec-
troscopy in combination with electrochemical excitation provided informa-
tion about changes in heme structures and peptide groups under static and

time-resolved conditions, respectively [ITIHIT3]. Electron transfer kinetics
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of redox enzymes was investigated by protein film voltammetry [114], 115]
under turnover and non-turnover conditions. However, a basic problem in-
herent in these studies is the effective link between electrode and electron
acceptor within the protein. Mediators were used in many cases allowing
but only for static measurements of equilibrium states [I16], 117]. Catalytic
turn-over, on the other hand, can be observed when direct electron transfer
(ET) is ensured. Protein films were successfully applied for this purpose.
However, unspecific adsorption may result in tunnel pathways different from
the one initiated by the natural substrate. A way out is electronic wiring of
the protein, preferably by a conjugated linker. Another possibility is the im-
mobilization of the protein via his-tag technology, which we had introduced
earlier, in particular for the application with membrane proteins. A lipid bi-
layer was reconstituted around the protein to form a protein tethered bilayer
lipid membrane (ptBLM). Direct ET had been shown to occur to Cytochrome
¢ Oxidase (CcO) from R. sphaeroidis provided it was immobilized with the
first electron acceptor Cuy directed toward the electrode [20] [75, 11§]. Fast
scan voltammetry indicated the sequential ET along the four redox centers
Cuy, heme a, heme ag and Cug thus mimicking the natural tunnel pathway
through the protein [I18]. Moreoever, CcO could be electrochemically ma-
nipulated to acquire two distinct conformational states [I19] one of which,
in the presence of O, was shown to be catalytically active. Changes in
amino acids including secondary structures involved in redox reactions were
revealed by potentiometric titrations followed by surface-enhanced infrared
absorption spectroscopy (SEIRAS) [119]. For mechanistic studies resonance
Raman (RR) spectroscopy proved to be a powerful technique. This is because
excitation within the heme 7w —7* electronic absorption transitions selectively
enhances vibrational modes of the heme porphyrin ring and bound ligands
without the interference from the modes associated with the protein matrix
[28, 120H125]. The Raman active vibrational modes of the porphyrine ring
of the hemes are sensitive to the redox state of the central metal ion [67].
Resonance Raman (RR) spectra of the CcO in solution were measured in the
fully oxidized and reduced form obtained by chemical reduction and oxida-

tion using dithionite/ferricyanide, respectively [116], 117]. Band assignments
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to different vibrational modes were performed on the basis of these mea-
surements. The surface-enhancement effect of rough surfaces combined with
RR spectroscopy resulted in the invention of SERRS, which was soon ap-
plied to heme proteins including CcO [126]. Direct ET to CcO immobilized
in a ptBLM measured by SERRS had indicated the electrochemical reduc-
tion of the hemes, however a detailed analysis of the potential dependent
changes by deconvolution of the partially overlapping SERRS bands was not
possible. This restriction was due to the fact that these experiments were
conducted on conventional SERR-active surfaces, i.e. Ag surfaces subject
to repeated electrochemical reduction/oxidation cycles. This technique gives
rise to very rough surfaces thus providing surface enhancement, however, due
to the extremely irregular features a poor substrate for a properly arranged
lipid bilayer membrane. In the present study this is improved by using a
the SERR-active surface described in Section [5.3] comprising Ag nanoparti-
cles (NPs) assembled on a smooth Ag surface [5§]. Bilayer lipid membranes
(BLMs) were shown to form on spherical particles [127], 128]. Hence ptBLMs
can be expected to assemble around NPs as well. Potentiometric titrations
were performed in order to observe electrochemical reduction and oxidation
of the hemes followed by SERRS.

5.4.2 Results

CcO was tethered to the silver electrode modified with silver nanoparticles
(AgNPs) and stabilized by reconstitution into a ptBLM (Figure [5.23)). Elec-
trochemical impedance spectroscopy (EIS) and surface plasmon resonance
(SPR) spectroscopy were employed to monitor the binding of CcO to the
linker molecule as well as the reconstitution into a ptBLM. CV was then
used to test the catalytic activity of the enzyme. SERRS was performed to

characterize and analyze electron transfer to and between heme a/as.

SPR spectroscopy

SPR spectra were recorded on both plain TSS and on TSS modified by
AgNPs. The AgNPs led to a broadening of the plasmon excitation curve
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Figure 5.23: CcO in a biomimetic architecture. The protein with the his-tag
attached to SU II was immobilized on top of the SERRS-active substrate
and subsequentialy stabilized by reconstitution into a ptBLM. In this con-
figuration the enzyme could be addressed by direct electron transfer to the
redox centers.
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compared to the one obtained on TSS (inset Figure . Nevertheless, the
trailing edge of the curve was steep enough to follow the kinetics of protein
adsorption and membrane reconstitution (Figure . The starting point
was the AgNP modified silver substrate functionalized with the Ni - DT-
NTA immersed in DDM containing PBS. As soon as the solubilized CcO
was added a strong increase in reflectivity was observed indicating the ad-
sorption of CcO. After 45 min the adsorption process was complete. The
excess of protein was removed by rinsing with DDM/PBS. The SPR measur-
ing cell was then filled with DiPhyPC/DDM /PBS and biobeads were added.
The reconstitution was indicated by a further increase of reflectivity in the
time range between 250 and 1750 min (Figure . The formation of the
membrane was complete after roughly 25 h when the reflectivity remained
constant. Rinsing with PBS did not lead to any further changes; hence the
membrane was stable upon formation. However, in contrast to our earlier in-
vestigations of ptBLMs on ultra flat gold surfaces, definite thicknesses could
not be deduced due to ill-defined SPR scans caused by the roughness of the

surface.

EIS

The adsorption of protein and the reconstitution into the ptBLM were also
monitored by EIS. Spectra of the AgNPs functionalized Ag electrode were
taken after functionalizing with Ni - DTNTA (in DDM/PBS) (A), after bind-
ing of the protein (in DDM/PBS) (B) and after the reconstitution into a
ptBLM (in PBS) (C). Comparison of the frequency normalized admittance
plots (Figure revealed a significant decrease in capacity due to the teth-
ering of the protein. A further decrease was observed after reconstitution of
the attached protein into the ptBLM based on DiPhyPC as the lipid compo-
nent. At the same time the resistance increased upon membrane formation
and reached at least 1.5 M(2 . Because of the roughness of the surface and
related inhomogeneities we abstained from fitting a model circuit to the data.
Hence, definite values of capacitance and resistance cannot be given. The

decrease of the capacitance and the increase of the resistance, however, are
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Figure 5.24: Frequency normalized admittance plots (a) and Bode plots (b)
of the SERRS-active silver electrode after functionalisation with DTNTA -
Ni (triangles), after adsorption of CcO (circles) and after reconstitution into
the ptBLM (squares). Due to the replacement of water molecules by protein
and phospho-lipids, the capacity was significantly decreased. Solid lines are
provided to guide the eye.
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clearly indicated as expected for the formation of the ptBLM, when deter-
gent and water molecules around the proteins are replaced by lipid bilayer

patches.

Cyclic Voltammetry (CV)

The catalytic activity of the enzyme was verified by CV. Under aerobic con-
ditions two cathodic peaks appeared at -170 an —410mV, assigned previously
[20] to repeated (catalytic) electron transfer and proton translocation, respec-
tively (Figure . Changing to anaerobic conditions (inset Figure ,
the electron transfer peak persisted whereas the proton transfer peak dis-
appeared as expected [20]. However, the electron transfer peak was shifted
by more than 400 mV in the negative direction vs. known midpoint poten-
tials of the redox centers. This is exactly the same behavior as we observed
previously on smooth gold (TSG) as well as on Au surfaces modified by the
controlled growth of Au NPs [I19]. This behavior had been considered in
terms of the transformation of the CcO from a non-activated to an activated
state taken as an equivalent to the resting and pulsed state of the CcO. The
shift of the midpoint potentials to negative values was also confirmed by
SEIRAS [119]. In the context of the present paper the CV data indicate
together with the data from SPR and EIS that a well-ordered ptBLM had
been formed even on the relatively rough newly developed SERRS active
Ag surface. The electron transfer peak between -200 and 600 mV taken un-
der anaerobic conditions was considerably broadened. Moreoever, the total

charge calculated from the peak area amounted to 6 4+ 4-107% C/cm?, cor-

2 assuming 4

responding to a surface concentration of I' = 15 4+ 10 pmol/cm
electrons transferred per protein. The errors represent the sample-to-sample
deviation. On flat gold (T'SG) surfaces I" was found to be around 6pmol/cm?,
which corresponds to a closely packed monolayer of CcO molecules [118]. The
comparatively high surface concentration together with the relatively high
sample-to-sample deviation on silver electrodes can be explained in terms of

the higher effective surface area caused by the AgNPs.
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Figure 5.25: Kinetics of CcO adsorption and membrane formation on TSS
modified by AgNPs followed by SPR spectroscopy at a constant angle of
¥ = 52°. The inset shows the plasmon excitation angle scan of plain TSS and
TSS modified by AgNPs, both showing a minimum at ¥ ~ 54°. In contrast
to the sharp angle scan of plain TSS, the curve is broadened after AgNP
adsorption. Nevertheless, the kinetics of protein adsorption and membrane
formation could be observed.



100 CHAPTER 5. RESULTS AND DISCUSSION

2.0x107° -

0.0 4

-2.0x10° 4

§ -4,0x107 -

6.0x10°

= -6.0x10" -

4.0x10°
-8.0x1 0-5 - 2.0x10° 1
1 0.0,
-1.0x10™ 4 = oxto”]
' -4.0x10°4
-1.2x1 04' 08 06 -04 02 00 02 04
E/V
T T T T T T T T T Y T
-0.6 -0.4 -0.2 0.0 0.2 0.4
E/V

Figure 5.26: Cyclic voltammogramms of CcO under aerobic conditions. In
the presence of oxygen catalytic activity of the protein is indicated by two dis-
tinctive cathodic peaks at -170 and —410mV, which were previously assigned
to repeated (catalytic) electron transfer and proton translocation, respec-
tively. Under anaerobic conditions (inset) catalytic turnover is suppressed
and only one peak corresponding to non-recurrent electron transfer persists.
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SERRS

SERR spectra obtained with the AgNP modified substrates were well compa-
rable or better than the spectra obtained on electrochemically roughened Ag
surfaces regarding SERR-intensity and resolution. For a comparison see the
earlier the publication of Friedrich et al. [20]. No averaging or smoothing was
necessary. Spectra in the marker band region, between 1300 and 1700 cm™*
were recorded under strictly anaerobic conditions as a function of potential
applied to the substrate. Starting at 200 mV the potential was varied in
steps of 100mV down to —500mV (Figure [5.27). Heme a and heme az both
contributed to the intensity of the Raman scattered light in this frequency
range. Bands were assignments to vibrational modes of heme a/az according
to Lee et al. [I16]. The bands at 1359/1370cm ™" indicate the vy ,q/V4 o mode
of both hemes in the reduced and oxidized state, respectively. At the most
positive potential the bands at 1359 and 1370 cm™! indicate that the hemes
are already partially reduced. Thereafter the spectrum remained unchanged
down to —100 mV. At —200 mV the peak at 1359 cm™! started to increase
indicating further reduction down to —400 mV where almost no contribution
from an oxidized heme species was observed. A quantitative analysis was per-
formed by deconvolution (Figure and of the partially overlapping
SERRS peaks.

The intensities of the vy ,q4/v4 0. peaks corresponding to the relative con-
centration of reduced and oxidized species were plotted as a function of po-
tential (Figure |5.30). The sigmoid function

1
L+exp[(E— Ejp)/¢]

Isgrrs = (5.6)
was fitted to the data, where Isgrrs denotes the relative intensity of the
v4 band at 1359 and 1370 cm™!, respectively. E;, is the potential of the
inflection point, which reflects the midpoint potential E,, of the redox center,
and ¢ is a scaling factor. Ideally, ¢ = RT/F ~ 26 mV, and E;, = E,, in
accordance with the Nernst equation. Evaluating vy, revealed a midpoint
potential of E,, = —266 £ 25 mV and a scaling factor of ¢ = 52 £ 21 mV.
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Figure 5.27: SERR spectra demonstrating the marker band region of CcO
in the ptBLM recorded as a function of applied potential (E,pp,). Eupp =
200 mV (1), 100 mV (2), 0 mV (3), =100 mV (4), —200 mV (5), —300 mV
(6), =400 mV (7) and —500 mV (8) vs. NHE. The laser power was 100 pW

and the accumulation time was 150 s.
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Figure 5.28: Deconvolution of the overlapping bands in the region between
1450 and 1750 cm~! for the spectrum recorded at —300 mV. The band
resulting from the vibrational mode v;; of reduced heme a, appearing at
1518 cm™! is well separated from the other strongly interfering bands.
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Figure 5.29: Deconvolution of the SERRS bands between 1200 and 1450cm !
for the spectrum recorded at —300 mV. Contributions from reduced
(Vara, 1358 cm™1) and oxidized (V4 04, 1370 cm™!) hemes were detected, while
reduced species dominated.
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Figure 5.30: Relative SERRS intensities of v4,4 (a) and v4 o, (b) plotted as a
function of E,,,. A sigmoidal function was fitted to the data points revealing
a midpoint potential F,, = —266 £+ 25 mV and —260 4+ 14 mV, respectively.
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This finding was confirmed by evaluation of vy ,, resulting in E,, = —260 £
14 mV and a scaling factor of ¢ = 85 & 12 mV. These data agree with
midpoint potentials of the hemes of CcO in the activated state found by CV
as well as SEIRAS and SERRS on electrochemically roughened Ag [20, 119].
Different from our previous findings the v, mode showed that the hemes
are already partly reduced at 200 mV, becoming gradually reduced with
decreasing potentials. However, the v4 band does not discriminate between
heme a and a3. Other bands are more specific, for example the bands in
the region between 1550 and 1650 cm ™. The most prominent band in this
region was found at 1587 cm™! (1), which was assigned to the vibration
of ferrous hexacoordinated low-spin (6¢LS) heme a. At the same time the
contribution from high-spin heme a3 (6¢cHS) observed at 1571cm™! was much
weaker, indicated only by a shoulder on the left of the more intense peak at
1585 cm~! due to heme a. Contributions from vy, ve—c and vo—o were
found at 1640 cm™', 1623/1631 cm ™" and 1611/1665 cm™*, respectively, with
the strongest band at 1611 cm~!. This band was assigned to the formyl
stretching vibration vo—o of reduced heme a. In fact, there were at least
nine overlapping bands within the range between 1500 and 1650cm ™! (Figure
fig:deconv-cco-high-wn, Table . Information about ligation, redox and
coordination states can be derived; however the strong overlap inhibited a
reliable deconvolution and a quantitative analysis of these bands. In contrast
v1; appearing at 1518cm ™! was well separated from other peaks and assigned
to the vibration of the reduced form of heme a. Heme a3 did not contribute
to this band, thus allowing us to discriminate between heme a and heme ag
interfering at 1359/1370 cm™! (v4). The band at 1518 cm™' did not change
throughout the titration. Hence, heme a remains in the reduced state in the
potential range from +200 to —500mV, whereas the intensity changes in the
vy band could be attributed exclusively to the reduction of heme a3. This
unexpected result was further tested by first measuring a SERR spectrum
at open circuit. The v4 band showed the double peak, split almost equally

! indicating reduced

into v4,q and vy ,,, whereas v, appeared at 1518 cm™
heme a. Applying a potential of E,,, = 200 mV did not yield any further

changes, while a sudden drop of potential to —500 mV led to an increase



106 CHAPTER 5. RESULTS AND DISCUSSION

| Av/em™ | mode | heme | redox |

1359 Vy a,as rd
1370 Uy a,ag oc
1518 V11 a rd
1544 V11 a 0X
1571 Vg as rd
1587 Vo a rd
1611 Vo—o | a rd
1623 Vo=C | & rd
1631 Vo=Cc | & rd
1640 V10 a 0xX
1665 Vo—o | ag rd

Table 5.1: Band assignments to vibrational modes of hema a/ag in the re-
duced and oxidized form, respectively.

of the 1359 em™ (vy,4), whereas 1370 cm ™! (v4,,) decreased almost to zero.
Thus, heme a and heme ag were completely reduced at this potential. At the
same time no changes in the intensity of 14, could be identified. Changing
the potential back to 200 mV resulted in a spectrum identical to the initially
recorded spectrum at 200 mV. The procedure could be repeated a couple
of times showing reproducible results. Hence, electron transfer from the
Ag electrode to heme a3 was shown to be fully reversible, whereas heme a
remained in the reduced state within the potential range of -500 to 200 mV.
This was in line with the formyl stretching vibration vo—o at 1611 cm~! also

indicating the reduced form of heme a throughout the potential window.

5.4.3 Conclusion

We conclude from these results that the CcO on the Ag surface modified by
AgNPs was present in a mixed-valence state, in which heme a is reduced and
heme ag is oxidized at open circuit potential. It is highly likely that heme a
could also be oxidized if only we were able to apply more positive potentials.
However, the range of potentials applicable to the Ag electrode is limited to
+200 mV at the positive edge of the potential window, while the midpoint

potential of heme a is reported to be more positive [123, 129]. That means
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heme a could only be oxidized at potentials > 250 mV, provided CcO is
in the non-activated state. In the activated state, on the other hand, the
midpoint potentials of all the redox centers were found to be shifted in the
negative direction to around —200 mV; the same range that we found for
oxidation/reduction of heme az. We conclude that the enzyme is not only
in a mixed-valence state but also in a mixed-conformational state between
a non-activated and an activated state. This is different from our previous
experiments on electrochemically roughened Ag electrodes. Both hemes were
shown to be reduced according to the SERR spectra. However, in this case a
well-ordered lipid membrane was not formed around the protein and it was
not catalytically active. This could be due to the much larger roughness
of the conventional SERR active surface as well as an ill-controlled surface
coverage in our previous experiments. Later on the linker molecule was syn-
thesized ex-situ and self-assembled in defined mixing ratios with a dilution
molecule. The kinetics of direct ET but also membrane formation was shown
to critically depend on these preparation conditions. In the present study
and despite of the roughness of the Ag surface the formation of a lipid mem-
brane could be detected. The same holds for the catalytic activity of the CcO
illustrating the significance of the surface architecture for electrochemical ex-
citation. We conclude that the present result is much more reliable. Both
hemes could be discriminated in the SERR spectra and reduction/oxidation
of heme a3 could be clearly demonstrated. The polished silver surface mod-
ified with AgNPs appeared to be well designed to immobilize a membrane
protein such as the CcO and to reconstitute it into a ptBLM. The archi-
tecture of this substrate allowed us to perform not only surface enhanced
Raman scattering, but also SPR and EIS measurements. The formation of
a ptBLM was monitored by SPR and EIS. The capacity after protein im-
mobilization and reconstitution was slightly higher compared to experiments
performed on flat gold surfaces. This was considered in terms of the increase
in the effective surface area. Nevertheless, a distinct decrease in capacity was
observed upon membrane formation due to the replacement of water and de-
tergent molecules by phospholipids. (€piq = 2,2 < €cco = 30 < €m0 =~ 80)

[21], 130]. Reconstitution was also demonstrated by an increasing reflectance
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in the kinetic trace of the SPR due to the same reasons. After formation of
the ptBLM the enzyme showed catalytic turnover as measured by CV under
aerobic conditions. Hence, the enzyme seemed to be immobilized in a stable
and fully functional form. This can also be deduced from the high quality of
the SERR spectra, which are known to be very sensitive to the integrity of
the protein.

5.5 Electron Transfer Kinetics of Cytochrome
c Oxidase Probed by Time-Resolved Sur-
face Enhanced Resonance Raman Spec-

troscopy

5.5.1 Introduction

Time-resolved (TR) spectroscopic techniques have been widely used to inves-
tigate the kinetics of complex proteins such as Cytocgrome ¢ Oxidase (CcO).
These techniques include, for example, Raman, IR [I31] and UV-vis [132]
absorption spectroscopy. Fourier transform infrared (FTIR) spectroscopy
is well designed to detect changes of amino acids and peptide structures
[133, 134]. Raman spectroscopy, particularly in the Resonance Raman (RR)
mode, is sensitive to redox changes of the hemes, since the m — 7* elec-
tronic absorption transition selectively enhances vibrational modes of the
heme structure [31, [133]. Hence changes of the redox, coordination and spin
state of the central metal ion can be detected. Oxygen reduction taking
place at the binuclear catalytic heme az-Cup center was probed by RR spec-
troscopy. Multiple oxygen-associated RR bands were observed and assigned
to the different reaction intermediates of CcO [124], I35HI37]. Complex se-
tups including artificial cardiovascular systems have been used to detect and
assign these bands by using oxygen isotopes [138, 139]. CcO is known to
exist in at least two different states, the resting state and the pulsed state.

CcO in the resting state was investigated by RR spectroscopy in the solubi-
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lized form of the enzyme [133] 140}, 141]. The oxygen activation was probed
by TR-RR spectroscopy in whole mitochondria [142]. In the majority of
cases, TR~(R)R studies concentrate on the reaction mechanism of dioxygen
reduction at the catalytic binuclear center of CcO. For that purpose dioxy-
gen reduction mechanism is initiated by photodissociation of the CO adduct
of either the two-electron [132] 143, [144] or fully reduced [131], 145] CcO
species. In these investigations the CO-inhibited CcO species is solubilized
by a detergent, dissolved in oxygen-containing buffer solution. In order to
obtain a sufficiently high signal-to-noise ratio photodissociation of the CO
adduct is repeated periodically. Another possibility to initiate protein ki-
netics, however, less widely used, is photoinduced electron transfer (ET) to
CcO [146], 147]. These techniques employ the CcO in either in solubilized
form in solution or else in partially dried lipid-enriched layers immobilized
on an ATR crystal. By contrast we have introduced direct electron transfer
from an electrode into the enzyme via the first electron acceptor, Cuy to
initiate the sequential ET along the four redox centers Cu,, heme a, heme
az and Cup, thus mimicking the natural tunnel pathway through the pro-
tein. For this purpose, CcO from Rhodobacter sphaeroidis is immobilized in
a unidirectional fashion to the SERR-active Ag surface using his-tag tech-
nology. The protein is then reconstituted by in-situ dialysis into a protein
tethered bilayer lipid membrane (ptBLM) [20, 21}, [75]. In our previous sur-
face enhanced resonance Raman (SERR) study [148] signals obtained on Ag
electrodes modified by silver nanoparticles (AgNPs) proved to be sensitive
enough to detect reduction/oxidation of the heme structures within mono-
layers of CcO embedded into a ptBLM. At the same time the Ag surface can
be used as an electrode for electrochemical excitation. Potentiometric titra-
tions showed the enzyme to be present in a mixed-valence state under open
circuit conditions. Heterogeneous electron transfer between CcO and sub-
strate was electrochemically controlled by applying static potentials between
200 mV and —500 mV. Characteristic changes in the spectra were observed
and identified with redox transitions of heme ag [148], while heme a remained
in the reduced state throughout. In the present investigation this technology

is extended into the time domain by applying periodic potential pulses. In
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this way redox transitions of the hemes can be observed by TR-SERRS in-
situ undergoing non-recurrent or catalytic ET. The enzyme had been shown
to be catalytically active under our experimental conditions [20, 119, [148].
However, the present study concentrates on ET in a strictly anaerobic en-
vironment. The kinetics of direct ET to heme a3 will be elucidated using
different mathematical approaches. Recently we derived a model describ-
ing sequential ET into multi-redox center proteins such as CcO [118]. This
model was modified to become consistent with the properties of the mixed-
valence state of CcO. Using this model allowed us to derive electrochemical

rate constants together with the standard potential of heme as.

5.5.2 Results

Time-resolved (TR) experiments probing CcO in the ptBLM architecture
(Figure were performed under strictly anaerobic conditions, hence cat-
alytic turnover was inhibited. TR spectra were recorded by application of
periodic potential pulses stepping between the initial potential E; and the fi-
nal potential E¢ with the frequency f,. Synchronized Raman excitation with
a delay time ot after stepping from E; to E; was achieved using laser pulses
with the length At. Observation of time-resolved reduction and oxidation
was achieved by choosing F; = 200mV, Ey = =500 mV and E; = —500mV,
E; = 200 mV, respectively. The marker band region between 1300 and
1700 em~! was observed, thereby focusing attention on the porphyrin ring
modes Vy,q/Vs0r and vq; at 1359/1370 cm~! and 1518 cm ™!, respectively.

1 was also observed.

Formyl stretching vo—o of reduced heme a at 1611 cm™
CcO under open circuit conditions and at all positive potentials up to 200mV
and had been found earlier to be present in a mixed valence state, with
heme being reduced, while heme a3 was oxidized. Reduction of heme a3 was
achieved at a midpoint potential of E,, = —266 mV [148] (Section [.4]). It
was shown that the midpoint potential of heme a remained at around 230mV
according to literature values, while that of heme ag was shifted to negative
values. Such a shift was found to be characteristic of the transformation of

CcO into an activated state. Considering the wide potential range, TR-SERR
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Figure 5.31: CcO immobilized in a ptBLM on a silver electrode. A his-
tag anchor attached to subunit II of CcO yields an orientation with the
cytochrome c¢ binding site directed towards the electrode, therefore direct
electron transfer to Cuy, is achieved.
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Figure 5.32: TR-SERRS spectra of CcO in a ptBLM; f, = 5Hz. The changes
in the band v were identified with the changes of the redox state of heme
az. Most significant changes were observed between 0 and 10 ms.

spectra were recorded using potential pulses in the range between +200 and
—500mV.

In order to monitor the time-dependent redox changes an appropriate
frequency f, must be chosen which is fast enough to capture the essential
changes in the spectra and slow enough to allow for a sufficiently high num-
ber of data points. At first f, = 5 Hz and At = 10 ms was used. The
series of spectra is depicted in Figure [5.32] Band fitting was performed as
described in Section to identify peak intensities of the bands v4,4 and
V4,00, Which correspond to the concentrations of reduced and oxidized hemes,
respectively. Relative concentrations were plotted as a function of time. The
plot is characterized by a sharp drop of intensity of the vy ,, band, indicat-

ing a reduction process which is fast compared to f, = 5 Hz. In a second
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Figure 5.33: TR-SERRS spectra of CcO in a ptBLM; f, = 50 Hz. Changes
in the band v; were rather small and continuous over the observed period
of time, indicating an electron transfer rate which is low compared to the
excitation frequency.

experiment, f, = 50 Hz and At = 2ms were used in order to resolve the
reduction process in more detail. Spectra after 6t = 0, 2, 6 and 8 ms are
depicted in Figure |5.33] The band v, shows that the hemes did not become
fully oxidized and reduced at this frequency and changes in the intensities of
Vi rq and vy o, were much smaller. Hence, plotting the relative intensities as
a function of time led to flat curves mirroring the fractional changes in the
redox state. Further, oxidation was probed time resolved with f, = 10 Hz
and At = 5 ms. At this frequency the enzyme reached the fully reduced
state at 6t = 0 ms. Spectra taken at ot = 5, 10, 25 and 45 ms illustrate the
time-dependent changes (Figure .
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Figure 5.34: TR-SERRS spectra of CcO in a ptBLM; f, = 10Hz. At this par-

ticular frequency the time-dependent changes of the redox state are captured
much more accurately compared to f, = 5 Hz and f, = 50 Hz.
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frequency 5 Hz 10 Hz 50 Hz
band Vard ‘ Va,0z Vard ‘ V4,0z Vard ‘ V4,0z
k/(s7!) [237+175 | 140+ 55| 143 +30 | 1354+47 [ 113 + 154 | 308 + 355
k/(s71) 185+ 175 138 + 26 272 + 183
k/(s71) 158 + 26

Table 5.2: Potential dependent rate constants derived using different excita-
tion frequencies f,.

Data analysis by fitting mono-exponential functions

As a first approximation single exponential functions were fitted to the TR-

SERRS data. The fit-function is described by
Aint(t) = Aintpa, [1 — exp(—kt)] + Aintg (5.7)
where Aint(t) is defined as
Aint(t) = int(t) — int(0). (5.8)

Aint,, ., is the maximal intensity change, and A inty is a correction term
accounting for the experimental error of the reference intensity int(0). When
fitting parameter values, first an individual k was fitted for each frequency f,
and band (v4,4 and vy ,,). Then a common k for each frequency was derived
and finally a common k for all frequencies. The results are presented in Table
5.5.2] In Figure the SERRS intensities of the bands vy,4 and vy, are
depicted for each frequency f, together with the fitted curves. Figure [5.36]
shows the same data but as an overlay of the three frequencies for better

comparison.

Electrochemical rate constants: deriving k,

Fitting single exponential functions according to Equation does not take
into account that the effective rate constant k, significantly depends on poten-
tials applied relative to the standard potential of the redox couple. Coupled

chemical reactions can further affect the ET rates. Therefore, a sequential
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Figure 5.35: SERRS peak intensities of v4,4 and vy, plotted as a function
of delay time 0t (squares) compared to the fitted mono-exponential function
(solid line).

4-electron transfer model was developed in our group by to account for ET
to the CcO under anaerobic conditions, starting with the fully oxidized CcO
[T18]. This model is not applicable to the present experiment since it starts
with heme a in the oxidized state, while in this case redox changes of heme
ag were observed with heme a present in the reduced form. Hence electro-
chemical kinetics are treated in terms of a one-electron transfer model, using

the following equations for a redox couple adsorbed to an electrode:

dprd/dt = —dpox/dt = k’fpox(t) — kbprd(t) (59)
with
prd(t) +pox<t) =1 (510)

Here p,q and p,, denote the probabilities of the reduced and oxidized states,
respectively. The forward and backward rate coefficients in Equation [5.9] are

potential-dependent according to

k= koexp |[—(E — Ey)/2¢0] with ¢g= RT/F (5.11)
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Figure 5.36: An overlay of the progress of the SERRS intensities at f, = 5Hz
(circles), 10 Hz (squares) and 50 Hz (triangles). Even though the excitation
frequency was significantly varied the response of the redox center was ap-
proximately constant as expected.
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and

kg is the electrochemical rate constant, while E and Ey denote the applied
and the standard potential, respectively. If the charging of the surface is much
faster than the electron uptake the charging current can be disregarded, and

the kinetics initiated by a potential jump can be described as follows.

reduction process

A high oxidizing potential E,, > Ey is initially applied (E; = E,;) and
then instantaneously changed to a low reducing potential E,; < Eq (Ef =
E,d), hence k, << ky (see Equation and and can be disregarded.
It then follows from Equation [5.9

APoy/dt = —kpou(t) and 04, (t) = exp(—kyt) (5.13)
Hence by means of p,4(t) = 1 — 0,, and noting that p,4(0) = 0 it follows

pox(t) - pox(o) == [1 - exp(_kft)] and prd(t) _prd(o) =1- eXp(kft)'
(5.14)
Comparing Equation [5.14] with Equation [5.7| shows that

kox—wd - kO,ox—w‘d exXp [_<E7‘d - EO)/QQDO] (515>

where Koz and ko oz—rq denote, respectively k in Equation and k¢ in
Equation for ox — rd.

oxidation process

On the analogy of the reduction process, it follows that

krd—»ox = kO,rdHox exp [(Eoz - EO)/ZQDO] (516>
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where kg, and ko ,q4—0, denote, respectively k in Equation and ko in
Equation for rd — ox. Assuming Fy = —266 mV, as derived by static
SERRS (Section under otherwise exactly the same conditions, kg ,4—ox
and ko oz—rq can be calculated using Equations and [5.16] It was assumed
that ko oz—ra = Kord—os- The data is presented in Table .

Model fitting: deriving a common E; and k,

Model fitting of TR-SERRS data was performed by a co-operation partner,
XXX, in Basel.

It was assumed that kg op—ra = Ko rd—oz- Moreover, the rate constants k
and ko are considered independent from the frequency f, used for excitation.
Therefore it is reasonable to fit an electron transfer model to the data of the

reduction and oxidation process simultaneously. This model is described by

Equations [5.9] and Moreover
Aint(t) = Aint o [Prajos(t) — Prajo:(0)] - (5.17)

The charging current of the surface was taken into account by using time
constants between 7 = 0.1 and 0.01 ms. However no significant differences
in the fit results were observed. Therefore only the case with 0.01 ms is
presented here (Figure . The correction term Ainty (Equation was
rather small, and was therefore disregarded. This method is preferable since
it offers the possibility of fitting a common ky by using the whole data set
obtained at different excitation frequencies f,, simultaneously. Given the fact
that at least one frequency was used to measure the reverse electron transfer
direction, not only a common kg, but also a common Ej can be derived. The

fit results are given in Table [5.5.2]

5.5.3 Conclusion

TR-SERRS using periodic potential pulses of different frequencies showed
time traces varying systematically with time, independent of the excitation

frequency f,. 10 Hz proved to be the best in terms of number of data points
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Figure 5.37: Simultaneously fitted curves (5, 10, and 50Hz) together with the
corresponding TR-SERRS data. As a result a common standard potential
and rate constant of the the redox center heme ag was obtained, amounting
to By = (—142 4+ 8) mV and ko = (0.183 £ 0.028) s, respectively.

frequency 5Hz 10 Hz 50 Hz
band | viya | Vaos | Vard | Vaos | Vagd | Vaos
Eo/(mV) —142.0£78
ko /(5 ) 0.183 £ 0.028

Table 5.4: Electrochemical rate constant ky and standard potential E, as
derived by fitting an electron transfer model to the data set obtained at
different frequencies f,,, simultaneously.
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and distribution within the time window. As a first approximation, time
traces were evaluated using single exponentials. An effective rate constant
k = (158 +26)s~! was achieved applying -500 and 200mV as a reductive and
oxidative potential, respectively. This rate constant is mainly dominated
by the applied overpotential and therefore does not represent an intrinsic
property of the protein. However, it is a characteristic of the ptBLM system
on the silver substrate and mirrors the maximum transfer rate which can be
reached using this architecture. This ET rate is fast compared to the finding
of Hrabakova et al. [70]. In this case CcO that had been determined recently
by TR-SERRS to be as slow as 0.002 s™! on a similar surface architecture.
However, in this case ET was nonspecific with respect to the orientation of
the CcO. Moreover, a catalytic current was not demonstrated and the effect
of the potential was not taken into account. The authors considered their
data in terms of long distance ET directly to the hemes. By contrast, under
the experimental conditions used in this work four electrons are injected into
the protein via Cuyu, provided it was immobilized with Cuy directed toward
the electrode [I18]. In order to achieve this goal, we had to consider that the
activity of the tethered protein strongly depends on the packing density of
the surface layer [62]. Therefore, the slow ET rate reported by Hrabakova
et al. [70]is more likely due to a high packing density.

In a second step the influence of the potential was taken into account using
Equations and [5.16] which permitted the electrochemical rate constant
ko to be determined. For the reduction process the rate constant was derived

! while the rate constant for the oxidation pro-

to be in the range of kg = 2s~
cess was determined to be ko = 0.016 s7!, however assuming Fy = —260 mV
as derived by potentiometric titration using SERRS (Section [5.4). Using
the more advanced approach of fitting an electron transfer model to differ-
ent excitation frequencies, a common E, and kg was derived. This method
is considered to be more reliable, since the unrealistic discrepancy between
the forward and backward rate constants could be avoided. The standard
potential and rate constant was found to be Ey = (—142.0 £ 7.8) mV and
ko = (0.183 £ 0.028) s 1, respectively. The electrochemical rate constant ko

obtained from the TR SERRS data, however, is slow compared to 370 s—*
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obtained by fast-scan voltammetry for the enzyme in the fully activated state
[T18]. This is explained by the fact that the enzyme was not completely ac-
tivated prior to the measurement using the procedure described before [119).
In a final analysis it can be concluded that in this state CcO is characterized
by hampered ET to the center heme a3. Therefore, TR-SERRS proved to be

a good choice to identify electron transfer rates to heme az of CcO.
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Chapter 6
Final Conclusion

Electronic wiring in combination with surface enhanced infrared absorption
spectroscopy (SEIRAS) had revealed that Cytochrome ¢ Oxidase (CcO) can
exist in a non-activated and activated state, which was considered equiva-
lent to the resting and pulsed state, discovered by biochemical assays, re-
spectively. The activated state was characterized by a shift of the midpoint
potentials of the redox centers to values around —200mV, whereas in the non-
activated state they were in the range between 200 and 300 mV, known from
biochemical assays. Spectro-electrochemical investigations using SERRS re-
vealed that in addition an intermediate state exists in which the midpoint
potential of heme agz is shifted in the negative direction while the midpoint
potential of heme a remains at around 230mV according to literature values.
This finding was achieved on the basis of significant improvements of the
experimental conditions for SERRS and the implementation of the protein
tethered bilayer lipid membrane (ptBLM) on a specially developed SERRS

substrate.

At first a measuring cell was designed, which enabled highly sensitive
time-resolved (TR) SERRS using low power excitation. The drive shaft
turned out to be the most crucial element of the construct. It was manufac-
tured extremely precisely so as to keep the top plane of the silver electrodes
in the focal plane of the confocal Raman microscope even at a rotating speed

of 800 revolutions per minute. At the same time permanent electrical con-

125
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tact to the silver electrode was achieved by manufacturing the drive shaft
using a core / cladding principle. The outer cladding was made from steel
providing mechanical stability. A conductive bolt served as the inner core
and was connected on one side to the mobile part of a mercury contact and
on the other side to the working electrode. The bolt was separated from the
cladding by insulating glue. A dynamic seal was utilized to seal the liquid
reservoir into which the rotating shaft extended from the cell body. The
lid into which the microscope objective extended was equipped with feed
pipes for gas (oxygen or argon) and buffer solution as well as the reference
and counter electrode. The concept proved to be much more reliable than
previous approaches which had problems with leaking of the rotating liquid
reservoir and with wobbling of the electrode, leading to an unsteady Raman
signal. The quality of the Raman spectra was significantly improved with

respect to the constancy of the SERRS intensity.

Electron transfer kinetics of cytochrome ¢ was probed by time-resolved
surface enhanced resonance Raman spectroscopy using the newly designed
measuring cell. Using a self-assembled monolayer of mercaptoethanol as
spacer layer between silver electrode and protein led to an adsorption of
cytochrome ¢ with the heme cleft directed away from the silver electrode.
SERR spectra were taken showing bands assigned to vibrational modes of
the heme’s porphyrine ring. Depending on the redox state of the central
iron ion, the prominent v4 band was observed at 1361 (Fe*™) and 1374 cm ™
(Fe3T). Spectra were recorded as a function of applied potential. This allowed
to monitor the potential dependent electron transfer between functionalized
silver electrode and cytochrome c. The quality of the Raman spectra allowed
to identify the measured band intensities with the relative concentrations of
reduced / oxidized species of cytochrome c. Plotting the relative concentra-
tions as a function of the applied potential revealed a Nernst-characteristic.
Time-resolved SERRS was performed, which allowed the time-dependent evo-
lution of reduction and oxidation of the heme center to be observed. The
time constants for reduction and oxidation were derived from SERRS to be
kow = (46 £7)s7! and k,q = (84 £ 20) s™'. Therefore it was deduced that

in this case the orientation of cytochrome ¢ with the heme cleft pointing
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away from the electrode hampers electron transfer. Furthermore this inves-
tigation proved the reliability of the measuring cell and the concept used for

time-resolved SERR experiments.

Silver electrodes roughened by repeated oxidation reduction cycles were
used for probing electron transfer kinetics of cytochrome ¢ by SERRS. The
fractal structure of this surface resulted in increased Raman intensities due
to the surface enhancement effect. Surface enhancement is based on the ex-
citation of localized surface plasmons within the irregularities of the rough
silver. However, the surface resulting from this method was full of fissures
and was characterized by a coral-like structure. Hence the surface was not
compatible with an unidirectional attachment of cytochrome ¢ oxidase and
a proper membrane formation around the protein. A mnovel surface archi-
tecture was developed which fostered the formation of a protein tethered
bilayer lipid membrane. For that purpose flat silver substrates were modi-
fied by controlled adsorption of silver nanoparticles. The ex situ prepared
nanoparticles showed localized surface plasmon resonance at 409 nm which
was well in line with the wavelength of 413 nm used for resonance Raman
excitation. Cytochrome ¢ was used as a benchmark system for evaluating
the magnitude of surface enhancement. Comparing the amount of nanopar-
ticles per surface area with the SERRS intensity of cytochrome c revealed
that the maximum intensity was not reached for highest nanoparticle cover-
age. In fact particles arranged in clusters did not contribute to the surface
enhancement. The resonance frequency of clusters was shown to be shifted
to higher wavelengths due to coupling effects of surface plasmons. Surfaces
with the highest concentration of silver nanoparticles separated from each
other led to highest Raman intensities. On that basis the immersion time of
silver electrodes in the nanoparticle suspension was optimized. Finally the
novel SERRS substrate exhibited an enhancement factor of up to EF = 105.
Compared to conventional SERRS substrates the enhancement was increased
by a factor of five.

The ptBLM was implemented on the nanoparticle modified silver sub-
strates. Tethering of Cytochrome ¢ Oxidase and membrane formation was

monitored by surface plasmon resonance (SPR) spectroscopy and electro-



128 CHAPTER 6. FINAL CONCLUSION

chemical impedance spectroscopy (EIS). The angle-dependent plasmon exci-
tation curve revealed broadened excitation compared to smooth silver sub-
strates such as template stripped silver. The reason was considered to be
interactions between the evanescent surface plasmon and localized surface
plasmons. Nevertheless SPR kinetics could be used to demonstrate CcO ad-
sorption kinetics and membrane formation around the nanoparticles. Cyclic
voltammetry revealed catalytic turnover in the presence of oxygen. Enzy-
matic activity was suppressed under anaerobic conditions. Electrochemically
induced electron transfer was investigated by SERRS. The midpoint poten-
tial of heme a3 was determined to be E,, = (—260 £ 15) mV, whereas heme
a was shown to be reduced at open circuit potential and within the potential
window 4200 to —500 mV. It was concluded that heme a had preserved the
midpoint potential (E,, = —260 mV) of the non-activated form, while the
midpoint potential of heme a3 was shifted to negative values. This mixed-
valence state was considered as an intermediate between the fully activated
and non-activated state. Hence, the ptBLM system was established on a
SERRS active substrate enabling direct electron transfer to the catalytic

center heme az-Cugp.

As a consequence of the advanced SERRS measuring cell, the novel nano-
structured silver substrate and the establishment of the ptBLM on such sur-
faces, electron transfer to the catalytic center of CcO could be monitored by
TR-SERRS. Triggering electron-transfer by electrochemical potential pulses
between 5 and 50 Hz revealed a time constant for the reduction of heme ag,
which was independent from the excitation frequency f,. The rate constant
derived from fitting single exponential functions to the data resulted in an

average value k = 160s~! at a potential of —500mV applied to the electrode.

In an advanced approach an electrochemical one-electron transfer model
was fitted to the TR-SERRS data, simultaneously for all excitation frequen-
cies f,. The model comprises the potential dependence of the rate constant
according to the Butler-Volmer equation. Further the charging current due
to the rearrangement of charges on the interface was taken into account. As
a result the electrochemical rate constant and the standard potential were
derived and found to be ky = 0.2s7 ! and Ey = —140 mV, respectively. The
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electrochemical rate constant kg obtained from the time-resoved SERRS data,
however, is low compared to 370 s~! obtained by fast-scan voltammetry and
TR-SEIRAS for the enzyme in the fully activated state. It was concluded,
that the not fully activated form of CcO is characterized by hampered elec-
tron transfer to the center heme ag.

There are indications from TR-SEIRAS that ky of the non-activated state
of CcO is much lower than ky = 0.2s7!. Even though a definite value could
not be assigned on the basis of TR-SEIRAS, the value of ky = 0.2s7! of the
intermediate form perfectly fits into the picture of the non-activated state

gradually being transferred into the fully activated state.
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