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Abstract

Hydrogenases are metalloenzymes, catalyzing the reversible oxidation of molecular hydrogen into
two protons and two electrons. The ‘Knallgasbacterium’ Ralstonia eutropha H16 (Re) is one of
the few examples, harboring several [NiFe] hydrogenases that established mechanisms to enable
catalytic conversion of Hy in the presence of Os. In order to exploit the catalytic potential
of these oxygen-tolerant hydrogenases, also in view of possible biotechnological applications in
biofuel cells, an efficient electronic communication between the enzyme and electrically conduct-
ing surface is required. Hence, for optimum performance, an in-depth understanding of the

enzyme-surface interactions is needed.

This thesis presents an interdisciplinary approach providing detailed insights into the adsorp-
tion parameters of heterodimeric membrane-bound [NiFe| hydrogenase (MBH) species of Re on
various electrode materials. The first part of this thesis is dedicated to the adsorption studies
of oxygen-tolerant MBH onto biocompatibly coated Au electrodes by protein film voltamme-
try (PFV), surface enhanced IR absorption (SEIRA) spectro-electrochemistry, atomic force mi-
croscopy (AFM), and ellipsometry in order to elucidate the enzymes catalytic activity, structure,
integrity, and surface coverage. Results were obtained for charged and hydrophobic surfaces.
Electrocatalytic efficiencies allowed correlationa with the mode of protein adsorption on the elec-
trode, which provided valuable insights in the orientational configuration. These findings were
complemented by molecular dynamics (MD) simulations as well as density functional theory
(DFT) calculationa, carried out in collaboration. Hence, different orientational configurations
are proposed, discussing the different accessible binding anchors of the MBH., and experimen-
tally could be verified by SEIRA spectro-electrochemical investigations. The obtained results
suggested that, in particular, an immobilization of heterodimeric MBH on slightly negatively
charged surfaces is most beneficial for an efficient interfacial electron transfer (ET). Hereby, the
suggested anchoring via the isolated transmembrane helix still allows a flexibility regarding ro-
tational and translational motions of the large protein backbone relative to the surface. This led
to an effective orientation, enabling solely direct ET of the adsorbed active enzymes. In general,
applied potentials revealed reorientations under preservation of the enzyme’s initial binding an-
chors. In addition, redox changes at the active site of MBH bound onto a positively charged
biocompatible Au electrode were investigated under turnover conditions as well as under the

influence of applied potentials.

The second part of this thesis introduces a novel in situ IR spectro-electrochemical approach
to monitor protein adsorption on two different transparent conductive oxide (TCO) materials,
i.e. antimony-doped tin oxide (ATO) and tin-rich indium oxide (ITOrgr). Using horse heart
cytochrome ¢ (cyt ¢) as a model system, protein adsorption on planar ATO and ITOrg thin film
electrodes were monitored spectroscopically. Within these studies, a selective protein binding via
a histidine affinity tag (His-tag) to the unmodified metal oxide surfaces of ATO and ITOrr was
shown. Using the advantage of a controlled immobilization via this affinity tag, Re His-tagged
MBH (his-MBH) was directly adsorbed onto ITO7g and also studied in situ by an attenuated
total reflection TR (ATR-IR) spectro-electrochemical approach, thereby demonstrating the in-
tegrity of the adsorbed protein. Simultaneous PFV studies revealed a remarkable bi-directional
activity for Hy cleavage and formation of his-MBH on ITO7g. The latter effect may be re-
lated to the specific semiconductor-enzyme interactions, which are discussed in comparison to
the unspecific bound Re strep-tagged MBH on the electrode material. Finally, ATR-IR and



SEIRA measurements of ¢yt ¢ and both MBH variants are compared with respect to the signal
enhancement, which eventually allows for an estimation of the catalytic activity of MBH species

on different surfaces.
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Zusammenfassung

Hydrogenasen sind Metalloenzyme, die reversibel die Oxidation von molekularem Wasserstoff in
Protonen und Elektronen katalysieren. Das ,,Knallgasbakterium® Ralstonia eutropha H16 (Re)
ist eines der wenigen Beispiele, das mehrere [NiFe] Hydrogenasen besitzt, welche Mechanismen
der katalytischen Hs-Umsetzung unter atmosphérischem Sauerstoffgehalt entwickelt haben. Um
das katalytische Potential dieser Sauerstoff-toleranten Hydrogenasen zu erschliessen, insbeson-
dere hinsichtlich méglicher biotechnlologischer Anwendungen in biologischen Brennstoffzellen,
ist eine effiziente elektronische Kommunikation zwischen Enzym und leitfahiger Oberflache er-

forderlich. Dies bedingt ein tiefgreifendes Verstandnis der Enzym-Oberflachen-Interaktionen.

In dieser Arbeit wird ein interdisziplindrer Ansatz vorgestellt, der detaillierte Einblicke in die
involvierten Adsorptionsparamater der heterodimeren membrangebundenen [NiFe] Hydrogenase
(MBH) aus Re auf verschiedenen Elektrodenmaterialien ermdglicht. Der erste Teil dieser Arbeit
ist der Adsorptionsstudie der Sauerstoff-toleranten MBH auf biokompatibel beschichteten Gold-
elektroden gewidmet. Anhand der Proteinfilm-Voltammetrie (PFV), der Oberflaichenverstérkten
Infrarot-Absorptions (SEIRA) Spektroelektrochemie, der Rasterkraftmikroskopie (AFM) und
der Ellipsometrie wurde die katalytische Aktivitdt des Enzyms, sowie dessen Struktur, Integritét
und Oberflachenbeladung untersucht. Hierfiir wurden Resultate der MBH auf geladenen und hy-
drophoben Oberflachen erhalten. Die Korrelation zwischen der elektrokatalytischen Effizienz und
der Art der Oberflaichenanbindung des Enzyms auf der Elektrode lieferte wertvolle Informationen
zur Orientierung des Enzymes. Die experimentellen Daten wurden durch Molekular-Simulationen
und Berechnungen von IR-Spektren mit Hilfe der Dichtefunktionaltheorie (DFT) komplemen-
tiert, die in Kooperation durchgefithrt wurden. Die vorgeschlagenen Orientierungskonfigura-
tionen, welche auf unterschiedlichen zuginglichen Bindungsanker der MBH basieren, werden
diskutiert und mittels einer SEIRA-spektroelektrochemischen Studie experimentell nachgewiesen
werden. Die so erhaltenen Ergebnisse schlagen einen optimierten Elektronentransfer an der
Enzym-Elektroden Grenzflache fiir die heterodimere MBH Spezies auf leicht negativ geladenen
Oberflachen vor. Hierbei wird eine Immobilisierung der MBH iiber ihre isolierte Transmembran-
Helix angenommen, die iiber diese Anbindung auch eine Flexibilitdt des Proteingeriists hin-
sichtlich Rotations- als auch Translationsbewegungen relativ zur Oberflache erlaubt. Dies fiihrt
zu einer vorteilhaften Orientierung, die zudem einen reinen direkten Elektronentransfer aller ad-
sorbierten und aktiven Enzyme ermoglicht. Angelegte Elektrodenpotentiale fiihrten teilweise zu
Reorientierungen unter Erhalt der usprriinglichen Bindungsanker zwischen Enzym- und Elektro-
denoberflache. Zusétzlich konnten auch Anderungen der Redoxzustande des aktiven Zentrums
der MBH unter Turnover-Bedingungen sowie unter dem Einfluss angelegter Potentiale untersucht

werden.

Der zweite Teil dieser Arbeit flihrt eine neuen in situ IR spektroelektrochemischen Ansatz zur
Beobachtung der Proteinadsorption auf zwei unterschiedlichen, transparenten und leitfdhigen
Oxidmaterialen (TCO) ein, Antimon-dotiertes Zinn Oxid (ATO) und Zinn-reiches Indium Oxid
(ITOrr). Unter Verwendung von Pferdeherz-Cytochrome ¢ (cyt c) als Modelsystem wurde
die Proteinadsorption auf planaren ATO- und ITOrgr-Diinnschichtelektroden spektroskopisch
verfolgt. In diesem Zusammenhang konnte eine selektive Proteinanbindung iiber einen Histidin-
Affinitdtstag (His-tag) an der isolierten Transmembran-Helix auf unmodifizierten Metalloxid-
Oberflachen nachgewiesen werden. Diese Art der Anbindung wurde genutzt, um His-getaggte
MBH (his-MBH) von Re direkt an die ITOrg Elektroden anzubinden und mittels eines in
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situ ATR-IR-spektroelektrochemischen Anzatzes zu untersuchen. Hierdurch konnte sowohl der
Erhalt der Sekundéarstruktur wie auch der strukturellen Integritdt des aktiven Zentrums an
der Oberfliche demonstriert werden. Simultan ausgefiithrte PFV-Studien von his-MBH auf
ITOrr wiesen eine erstaunliche bi-direktionale Aktivitdt zur Hs-Oxidation und -Reduktion
auf. Die ungewohnliche Ho-Reduktion der his-MBH wurde auf spezifische Halbleiter-Enzym-
Interaktionen zurtickgefiihrt, welche im Zusammenhang mit der unspezifisch gebundenen strep-
tag MBH auf ITOrgr verglichen werden. Zum Abschlufl werden Ergebnisse der ATR-IR und
SEIRA Spektroskopie von cyt ¢ und beiden MBH Varianten hinsichtlich der Signalverstirkung
verglichen und letztendlich eine Abschéatzung der katalytischen Aktivitdt der MBH auf ver-
schiedenen Oberflachen durchgefiihrt.
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Chapter 1

Motivation and Concepts

The ‘Knallgas’ reaction of molecular hydrogen and oxygen releases a large amount of energy. So
far, precious metals, such as Platinum, have been widely used as fuel cell catalysts. Nature, on the
other hand, developed specialized metalloenzymes, so-called hydrogenases, that efficiently cat-
alyze the reversible cleavage of Ha into protons and electrons by using earth abundant metals.[1]
Given the worldwide depletion of fossil fuels and anthropogenic global warming, the demand for
efficient and sustainable energy conversion approaches involving these biocatalysts has strongly
increased. Thus, in recent decades, hydrogenases became a subject of major interest since these
enzymes may advance the exploitation of Hy as an energy carrier, also by serving as blueprints
for the design of bio-inspired molecular catalysts. For this reason, this thesis focuses on exploring

conditions towards an application of such enzymes.

In practice, the applicability of [NiFe] hydrogenases is often limited by their intrinsic sensitivity
towards inactivation by molecular oxygen. Thus, in the field of biological fuel cell development,
the focus is laid on oxygen-tolerant [NiFe] hydrogenases, e.g. the membrane-bound hydrogenase
(MBH) from the ‘Knallgas’ bacterium Ralstonia eutropha (Re). Such enzymes are capable to
catalyze Hy conversion even under ambient oxygen levels,[2] which makes them highly promising
candidates for such applications. Hence, Re MBH was chosen as a valuable model system for

the following studies presented in this thesis.

Typically, the biotechnological utilization of hydrogenases depends on their immobilization on
conductive electrode materials. This necessity represents a further major challenge, since large
and bulky redox enzymes require orientation-controlled adsorption to enable efficient electronic
communication with the electrode surface.[3] Moreover, the enzymatic function relies strongly
on the integrity of all cofactors and the overall protein structure. Surface-enhanced infrared ab-
sorption (SEIRA) and attenuated total reflection infrared (ATR-IR) spectroscopy are powerful
techniques to elucidate enzyme structure and enzyme—surface interactions in a surface-sensitive
manner.[4] Specifically, they provide insights into the electronic structure of the [NiFe| active
site upon surface interaction by monitoring redox state-dependent frequency changes of highly
sensitive reported modes. Moreover, orientation, adsorption, and the integrity of the protein
backbone structure can be explored by probing amide I and II vibrations. Last but not least, the
electron transfer between the active site and the electrode surface can be studied simultaneously
by protein film voltammetry. The aim of the present thesis is to study the factors that govern pro-

tein adsorption (and reorientation) by stationary SEIRA and ATR-IR spectro-electrochemistry.



In addition, these techniques were used to gain insights into structural and functional aspects of

biocatalysis by surface-bound [NiFe] hydrogenases.

In vivo, the oxygen-tolerant Re MBH is incorporated into the cytoplasmic lipid bilayer mem-
brane as a heterotrimeric species via its Cytochrome b unit. In order to preserve structure and
function of purified heterodimeric MBH subspecies on electrode surfaces, the latter have to be
biocompatible and optimized for an efficient binding. Hereby, surface functionality and charge
distribution represent central determinants that are also crucial for the accessibility of functional
enzyme orientations allowing interfacial electron transfer. In this respect, enzyme-surface inter-
actions depend on possibly charged amino acids patches as well as the overall protein dipole
moment. To assess the influence of all these aspects, the efficiency of biocatalytic Hs oxida-
tion by the oxygen-tolerant Re MBH was thoroughly investigated on self-assembled monolayer
(SAM)-modified electrodes, and the [NiFe] active site was monitored under catalytic turnover
conditions. Furthermore, the electrochemical efficiency of Re MBH upon surface interaction with
different conductive materials was investigated systematically in order to find the most suitable
platform. In more detail, the application potential of transparent conductive oxide (TCO) sur-
faces as novel substrates for spectro-electrochemistry was explored. In order to gain insights into
protein adsorption onto these alternative platforms, the spectro-electrochemical cell for SEIRA
investigations was adapted to study TCO thin film electrodes coated onto the ATR Si-prism. In
this context, both Cytochrome ¢ and Re MBH were used as biological model systems, and the
corresponding immobilization processes and the enzyme semiconductor interactions were studied

in detail.



Chapter 2

Theoretical Background



2.1 Metalloproteins

2.1.1 [NiFe| - Hydrogenases
2.1.1.1 Hydrogen as Alternative Energy Source

The reaction of hydrogen combustion releases large amounts of energy (AH® = —286 k.J mol 1)
and hence molecular hydrogen presents a powerful fuel used in biological systems, but has also
industrial perspectives.[5, 6, 7] In nature, hydrogenases belonging to the subclass of metalloen-

zymes, catalyze the reversible cleavage of molecular hydrogen into protons and electrons.[8]

Hy=2H" +2e"

Hydrogenases are found in a variety of organisms and are essential in their metabolism by catalyz-
ing the oxidation of molecular hydrogen as an energy source. Furthermore, hydrogenases are also
capable of the reverse reaction of catalyzing Hs evolution, which can be established in processes
aiming for removal of reducing equivalents. Depending on the required process, hydrogenases
function either for hydrogen uptake or hydrogen evolution. Furthermore, several hydrogenases
are known as hydrogen sensors for the regulation the gene expression for the biosynthesis of
hydrogenases. These regulatory hydrogenases show a very low hydrogen conversion activity
during the catalytic process.[9, 10] An example is reported may being involved in establishing

transmembrane proton gradients.[11]

In regard of biotechnological applications, hydrogenases are regarded as biological catalysts,
which are stable in water, built from earth abundant elements, have high substrate affinities and
fast turnover rates.[12] These combined properties have raised the interest towards future Ha

technology.

Renewable Hj fuel economy presents many advantages. The use of a (bio)fuel cell using Ha /O3 as
energy source under production of HoO avoids any greenhouse gases. Unlike the energy storage
problem of batteries or of solar energy, the fuel cell is a device that provides electrical energy
from a chemical reaction, which is sustained as long as oxidants and reductants are present in
the fuel cell.[13]

However, the utilization of enzymes on an industrial relevant level requires technical protocols
for their sustainable production, efficient enzyme-electrodes preparation and the exploitation of
molecular hydrogen aside from the natural gas. In principle, hydrogenases could contribute to
both, hydrogen oxidation and hydrogen evolution, according to the observable catalytic bias of

the particular enzyme.

Biohydrogen production can be achieved by dark and photo-fermentation of low-cost organic
substrates and waste by a diverse group of bacteria or alternatively via direct bio-photolysis of
water by green algae.[14] In this respect, research on hydrogenases has grown significantly due

to the scientific and technological interest in hydrogen as a clean energy source.[10, 15]

Hydrogenases demonstrate hydrogen catalysis at same efficiencies as platinum.[16] Pt presents
the best achieved energy release from hydrogen cleavage using fuel cells that convert chemical
to electric energy. However, this precious metal suffers from two major problems. It is resource-

limited, thus expensive, which forbids its use in a global scale. Moreover, Pt is poisoned by



traces of impurities of HyS and CO, which defines typical contaminants of Hy from steam re-
forming. In this context, solving the energy problem of our growing society demands alternative
catalysts for this particular reaction. Thus, hydrogenases could offer a solution of these limita-
tions due to their active site based on earth abundant metals (Fe and Ni) and their reversible
activation after inhibitions by HsS and CO. Some hydrogenases even exhibit tolerance towards
these inhibitors.[17, 18, 19, 20, 21]

The follow enzymatic catalysts for the half cell processes in biological fuel cells are often chosen
by hydrogenases for hydrogen cleavage at the anode and by laccase or bilirubin oxidase at the
cathode for oxygen reduction to water.[17, 22] In conclusion, a combination of the here outlined
biotechnological concepts represent the basis for an integrated approach of emission-free energy

supply centered on hydrogen as a clean and sustainable fuel.

Various attempts in the synthesis of molecular catalysts mimicking the active site and/or the
funtion of hydrogenases are still under investigation. The importance of its entire complex
structure-function-relationship including the protein backbone an other cofactors, may be the
obstacle to produce a high efficient catalyst under these physiologic conditions up to today.
However, investigations for detailed understanding of their enzymatic reactions on a structural

and functional basis can pave the way for the chemical development of artificial hydrogenases.

2.1.1.2 Classification

Hydrogenases are widespread in nature; they occur in bacteria, archaea, and some eukarya.[11,
23, 24, 25, 26] They can be found in the periplasm or cytoplasm, either in soluble form or
membrane-bound.[11, 27] Despite the large diversity in size, quaternary structure, electron donors
and acceptors, hydrogenases share a common structural motive consisting of a low-spin Fe!! ion
at the active site that is coordinated by at least one thiolate donor and two diatomic ligands.
Commonly hydrogenases can be distinguished based on the metal ion composition and classified
in three phylogenetically main groups of [Fe|, [FeFe], and [NiFe] hydrogenases.[11, 23, 28, 29]
[Fe] hydrogenases are found only in methanogenic archaea. The enzyme catalyzes one of the
reaction steps in the metanogenic energy conversion pathway from carbon dioxide with Hy to
methane.[26] They can only activates Hs in the presence of the a second substrate (methenyl-
tetrahydromethanopterin) and are highly light-sensitive.[30, 31] The classes of [FeFe] and [NiFe]
hydrogenases prevail in nature.[32] The [FeFe] enzymes are primarily involved in Hy evolution
under high turnover frequencies.[33] However, [FeFe] hydrogenases are known for their high oxy-
gen sensitivity and are reported to be inactivated irreversibly already upon exposure to traces of
oxygen.[34, 35, 36, 37] On the contrary, [NiFe] enzymes are known for catalysis biased towards
Hs oxidation. Besides a group of standard oxygen-sensitive [NiFe] hydrogenases, [NiFe| hydroge-
nases found in aerobic bacteria are capable of Hy oxidation even in the presence of O, termed
as oxygen-tolerant [NiFe] hydrogenases. Turnover rates are reported as high as 10 000 hydrogen

molecules per second, which is on the order of platinum based catalysts.[16]

Especially the combined properties of Os-tolerance and highcatalytic efficiencies raised a major
interest for biotechnological applications. This lead to intensive reseach efforts in the last decades
towards the understanding of structure, catalytic mechanism and structure-function relationships

with respect to the operation of such hydrogenase enzymes.



Group 1 is associated to uptake [NiFe] hydrogenases represented by membrane-bound periplasmic
enzymes that supply hydrogen derived electrons to the respiratory chain via quinone reduction,
creating a proton motive force for the generation of adenosine triphosphate (ATP). The het-
erodimer is connected to the quinone pool of the respiratory chain in the membrane by a third
subunit, a di-heme cytochrome b, which, together with the hydrophobic C-terminus of the small
subunit, which anchors the hydrogenase dimer to the membrane. Linked to the potentials of the
involved redox components, which is higher than that of the Hy /H* couple, they predominantly
serve as Hy uptake hydrogenases. Group 2 includes both cyanobacterial uptake and hydrogen
sensing [NiFe] hydrogenases that are involved in energy conversion or regulation of the cellular
hydrogen metabolism, respectively. Bidirectional heteromultimeric cytoplasmic [NiFe] hydro-
genases (group 3) represent complex multicofactor enzymes that couple the reversible cleavage
of hydrogen to the reduction of an additional cofactor substrate, e.g. oxidized nicotinamide
adenine dinucleotide (phosphate), NAD(P)*. In principle, these enzymes operate reversibly
and thus the catalytic bias and the physiological function depends on the cellular status or
the enzyme’s metabolic integration.[38, 39, 40, 41, 42, 43] Bidirectional [NiFe] hydrogenases
exhibit pronounced sequence homology to the respiratory Complex I and other NADH-linked
oxidoreductases.[44, 45, 46] Hydrogen evolving energy-conserving, membrane associated [NiFe]
hydrogenases of group 4 generates hydrogen from protons and low potential electrons derived
from the oxidation of organic compounds. Recently, a fifth group of cytoplasmic [NiFe] hy-
drogenases has been identified.[47, 48] Due to high binding affinities, these energy converting
enzymes may be able to use atmospheric hydrogen for aerobic respiration in order to maintain
basic metabolic functions under nutrient-deficient conditions.[48, 49]
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Figure 2.1: Oxygen-tolerant [NiFe] hydrogenases from Ralstonia eutropha adapted from reference [50].

The bacterium Ralstonia eutropha H16 (Re) (see Fig.2.1) is a facultative chemolitoautothropic
B-proteobacterium, it is also known as a Knallgas-bacterium that can grow on a mixture of COa,
Hs, and 02.[38, 49, 39] Hence, all of its four [NiFe] hydrogenases are oxygen-tolerant and presents
different subtypes of [NiFe] hydrogenases: the periplasmic membrane-bound hydrogenase (MBH,



group 1),[51, 52] the regulatory [NiFe] hydrogenase (RH, group 2), the soluble hydrogenase (SH,
group 3) and a recent discovered Actinobacterial Hydrogenase (AH, group 5). In the following,

essential features of the membrane-bound hydrogenase (MBH) will be discussed in this thesis.



2.1.1.3 Structure-Function of Membrane-bound Hydrogenase of Ralstonia eutropha

The best studied [NiFe] hydrogenase from Re is the MBH.[51, 52] The heterodimeric membrane-
bound hydrogenase (MBH) is composed of a 34.6 kDa small subunit containing the Fe-S cluster
electron transfer chain and a 67.1 kDa large subunit harboring the [NiFe] active site (Fig. 2.2).[53]
The latter functions as the hydrogen converting site,[54] which contains two metal ions, Ni and
Fe, bridged by two thiolate donors from highly conserved cysteines. The Ni ion is coordinated
by two further cysteine thiolates while the Fe is continuously kept in the low spin (S = 0) ferrous
form by its three diatomic ligands, one CO and two CN7.[54, 32] In addition, a third bridging
ligand between the two metals can be found in certain redox intermediates (see Fig. 2.2).[1] Since
this active site is deeply buried within the protein, hydrogen is assumed to approach or leave
the [NiFe] center via hydrophobic gas channels within the protein matrix.[55] Electrons released
or required during catalytic turnover are exchanged with external redox partners via the FeS
clusters chain in the small subunit of the enzyme. Concomitant proton transfer is assumed to

proceed via intramolecular water molecules or polar amino acid side chains.[56, 57]
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Figure 2.2: Schematic depiction of the membrane-bound [NiFe| hydrogenase from Re (pdb code:
3RGW). (A) The large and small subunit are color-coded in purple and green, active site, FeS

cluster are shown in yellow and light pink.

Its overall structure appears similar to standard oxygen-sensitive [NiFe] hydrogenases. While
the large subunit exposes the typical [NiFe] active site, the electron relay harbored in its small
subunit differs essentially. In standard [NiFe] hydrogenases a cubane [4Fe4S] cluster is in the
proximal position, which is replaced in the MBH by a six-cysteine coordinated [4Fe3S] cluster,
which is crucial for its oxygen-tolerance.[58, 59, 60] Due to its particular structure, this cofac-
tor is capable to provide two electrons in rapid succession. Hence, the formation of an fast
activation from the ready oxidized “inactivated” Ni,-B state is achieved. The observed redox
states are discussed in more detail (section 2.1.1.4). This property allows hydrogen cycling under
aerobic conditions. Within the cell, the MBH is linked to the quinone pool of the respiratory
chain via a di-heme cytochrome b protein. Os-tolerant MBH can be isolated with or without
this auxiliary electron transfer protein,[60, 61] and hydrogenase activity, oxygen sensitivity, and
spectroscopic properties can be investigated independent of the presence of this cytochrome
subunit.[5, 33, 62, 61, 63, 64] Novel insights into the Re MBH’s optimized enzyme-surface inter-
action for biological hydrogen conversion upon adsorption on various electrode surfaces, as well

as its resulting catalytic efficiencies are discussed in this thesis.



2.1.1.4 Redox Intermediates of Active Site

Detailed structural information about the active site of [NiFe] MBH has been obtained from
spectroscopic measurements using a variety of techniques including EPR[65, 66]and IR..[5, 67, 68,
63] The Os-tolerant MBH exhibits spectroscopic signatures corresponding to its electrocatalytic

properties. The scheme in Figure 2.3 shows the redox transitions between the various states of
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Figure 2.3: Redox states of the active site of oxygen-tolerant [NiFe] hydrogenases in catalytic inac-
tive/active and light-induced processes. All displayed redox states can be observed by IR spectroscopy;
EPR-silent states are color-coded in blue. The formal Ni oxidation state is listed for each species, and

the presumable nature of the third bridging ligand is given in parentheses.

The unready, only slowly reactivated Ni,-A state observed in standard [NiFe] hydrogenases
is absent in all Os-tolerant MBHs. The oxidized protein exists only in the Ni,-B state as
observed by electron paramagnetic resonance (EPR) and Fourier transform infrared (FTIR)
spectroscopies.[58, 63] This species is accepted to carry a hydroxo ligand at the third bridging
position between the two metals.[69, 70, 71, 1]

The redox states in Figure 2.3 are arranged with respect to their redox potential. The proposed
chronological order within the catalytic cycle is described in section 2.1.1.5. Formal reduction
by one electron of the fully oxidized [NiFe] hydrogenases in its Ni,-B state yields a set of EPR-~
silent Ni!! species with structural and electronic features are in all cases not explicitly known.|[1]
Firstly, the inactive intermediates Ni,-S/ Ni,-S that contain bridging oxygen species. Through
water abstraction from its protonated subform of Ni,-S is assumed to readily yield the catalytic
Ni,-S intermediate providing a vacant bridging site for hydrogen cycling. A further one-electron
reduction of Ni,-S forms the paramagnetic Ni,-C state (Ni'll, S = 1/2), carrying a bridging
hydride ligand.[72, 73, 74, 75] This redox state can be (photo-) converted to another potential
catalytic intermediate, Ni-L, which can be reversibly trapped at low temperatures.[72, 73, 74, 75]
Within this photoreaction, the hydride ligand is removed from the bridging position as a proton,
thereby creating a Nil(S = 1/2) electronic configuration at the active site.[1, 75, 76, 77] While
being formally assigned to the Ni ion, the two hydride-derived electrons may actually form instead
a metal-metal bond between Ni and Fe.[78] In this regard, Ni-L might be rather described as

I species, which is in line with X-ray absorption spectroscopy (XAS) studies.|[73]

a singlet Ni
The formal addition of another electron to Ni,-C forms another EPR-silent Ni!l species, which is

termed as Ni,-SR, which may exist as a singlet or triplet ground state.[79, 80, 81] This potential



catalytic intermediate is generally assumed to contain a bridging hydride ligand and a protonated
terminal cysteine ligand, as confirmed by a recent high-resolution crystal structure.[82] Up to
three subforms of Ni,-SR can be observed by IR spectroscopy, which may differ in terms of
protonation, spin state, or the protein environment around the active site. All this one-electron

reduction steps are formally coupled each with a proton-transfer step.
2.1.1.5 The Catalytic Cycle

A summary of the proposed key states in the catalytic cycle is given in Figure 2.4. For simplicity,
the Figure shows uni-directional Hy oxidation, although the same states are proposed to occur

for Hy production (H* reduction).
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Figure 2.4: Possible mechanism for catalytic hydrogen cleavage at the active site of [NiFe] hydrogenase.
The dashed lines indicate a participation of a Ni-L/Ni.-R as a reaction intermediate in the catalytic

cycle of Ogz-tolerant MBH.[83]

When catalyzing Hs oxidation, [NiFe] hydrogenases operate via a heterolytic cleavage mechanism
whereby the Hy initially binds to the Ni,-S state as a proton and a hydride to form first the most
reduced Ni,-SR state of the active site (Figure 2.4).[82] Under loss of a proton and one electron,
the intermediate species of Ni,-C state is generated. The following step is still unsure. In case
of Og-sensitive [NiFe] hydrogenases the Ni-L state is not considered a catalytic intermediate as
it is commonly reported to generate under light exposure at very low temperatures.[84, 85, 86]
As denoted by the solid arrows in Figure 2.4, catalysis by Oy sensitive [NiFe|] hydrogenases
is thought to proceed via loss of an electron and proton from the Ni,-C state to give direct

regeneration of Ni,-S. In contrast, for Os-tolerant hydrogenases a Ni-L state is readily detectable
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at room temperature, even when the enzyme has not been illuminated.[68] Figure 2.4 shows an
alleged Ni,-C to Ni-L conversion involving electron and proton rearrangement; thereby Ni'!! is
formally reduced to Ni! with concomitant movement of the bridging hydride to the sulfur of a
coordinating cysteine as a proton. Alternatively, another intermediate, Ni,-R[87] , that is similar
or possibly identical to one of the subforms of the light induced Ni-L state may be considered
to complete the catalytic cycle via second one-electron/one-proton transfer, forming the initial

Ni,-S intermediate.

2.1.2 Cytochrome c

Cytochromes belong to a subunit of heme proteins consisting of an iron center and primilarily
functioning as electron carriers (cyt c) as well as enzymes (cyt P450).[88] Cytochromes are
widely spread across animal and plant species playing a crucial role in the metabolism acting
as electron or oxygen carriers and signal transducers. The heme groups can be distinguished by
the chemical constitution of the porphyrin macrocyle in different types a, b, ¢ and d.[89] In this
work cytochrome ¢ was used as a biolocigal reference system as it is a simple, relatively small
protein (12 kDa), extensively stuied with ifferent spectroscopic and electrochemical techniques.
Cytochrome c is a component of the electron transport chain in mitochondria. The heme group
of cytochrome c accepts electrons from the bcl complex and transfers electrons to the complex

IV. Cytochrome c is also involved in initiation of apoptosis.

2.1.2.1 Structure of Monoheme Cytochrome c

Cytochrome c is a small monoheme protein associated with the inner membrane of mitochondrion
playing a crucial role in the last step of the respiratory chain (electron transfer chain) able
carrying one electron. The heme group of cytochrome ¢ can undergo reduction and oxidation by
a Fe!l /Fe!! change. The iron atom can vary between a ferric and a ferrous oxidation state in which
the formal charge on the iron atom is 3+ and 2+, respectively. The transition between the various
spin, coordination (or conformational) and oxidation states depends on many factors and can
be probed with different spectroscopic, electrochemical and spectro-electrochemical techniques.
The protein structure is displayed in Figure 2.5. The heme groups can be distinguished by the

ligation, spin and oxidation state at heme iron center atom.

The heme iron center is covalently linked to the protein matrix via cysteine thioether bridges at
the vinyl group. The coordination pattern of the heme iron can differ depending on the exogenous
or endogenous axial ligands. Either both axial positions are exogenous and endogenous occupied
or one position remains vacant assigned to a six fold (6¢) or a fivefold (5¢) coordination pattern,
respectively. Low field ligands coordinated in 5c or 6¢ form a high spin state (HS) of the iron
atom, with an octaedrical complex in which the five d-orbitals split into three degenerated e,
and two lower energetic degenerated to, orbitals. On the other hand, high field ligands facilitate
the formation of a low spin (LS) of the iron state. Both observed states define the nativity of the
cytochrome ¢ protein. The transition between the various spin, coordination (or conformational)
and oxidation states depends on many factors and can be probed with different spectroscopic,

electrochemical and spectro-electrochemical techniques.
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Figure 2.5: Schematic depiction of oxidized horse heart cytochrome ¢ (pdb code: 1AKK). The backbone
structure is color-coded in green, covalently attached c-type heme is shown in light blue with the dark
red iron center.

2.2 Spectroscopic Techniques

2.2.1 Theory of Vibrational Spectroscopy

Vibrational spectroscopy refers to methods that explore physical and chemical properties from
lattice or molecular vibrations, typically frequencies v range from less than 10'? to approxi-
mately 10'* Hz (or wavenumber 7 = 102 — 5-103cm =5\ = 100 wm—2 um). The interaction
of electromagnetic radiation with matter results in transitions inbetween its quantized discrete
vibrational energy states. This excitation of the molecular vibration can relay on two different
physical phenomena, first the absorption of discrete photons, probed by IR spectroscopy and

second the inelastic scattering of photons observed with Raman spectroscopy.

The technique of IR spectroscrospy is based on direct absorption of photons, which is achieved

by irradiation of polychromatic infrared radiation consisting of a distinct photon energy hvrg

hvir = hv;y = hvy — hy; (2.1)

corresponding to the energy difference hv; s between the initial v; and the excited final vibrational
v¢ energy level of a certain normal mode. IR radiation as an energy source can be divided into
the regions of near-infrared (NIR: 12500 - 4000 ¢m~!- combination vibrations and overtones),
middle-infrared (MIR: 4000 - 400 cm~!- i.a. bending and stretching vibrations) and far-infrared
(FIR: 400 - 10 em™~!- metal oxides, lattice vibrations). The energy difference for the most likely
transition between the ground state and the first excited state corresponds to an energy in the
MIR range.

In contrast to IR spectroscopy, Raman spectroscopy is based on inelastic scattering. Monochro-
matic light is used to probe and excite molecular vibrational modes and due to the inelastic
interaction, the energy of scattered photons (hrg) are detected and differs from those of the

incident photons (hig) by
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hVif = hVO — hl/R = hl/f — hl/i (2.2)

Both, IR and Raman spectroscopy differ in their underlying mechanisms and generally pro-
vide complementary informations. Vibrational transitions are only IR-active when associated
with changes in the dipole moment. Whereas, vibrational transitions are Raman -active when

associated with changes in polarisability.

In the following sections, the fundamental aspects of molecular vibrations and experimental

detection methods will be presented.
2.2.1.1 Molecular Vibrations

To discuss the concept of harmonic vibrations, molecules are considered as an array of point
masses interconnected by mass-less springs representing the intramolecular interaction between
atoms. A simple picture describes molecules as a dynamic ensemble of N interconnected atoms.
Each atom of the molecule has the ability to move in a three-dimensional space resulting with an
entire molecule with N atoms obtaining 3N degrees of freedom. Three are based on the transla-
tional motion in mutually perpendicular directions (in x-,y- and z-axes) and three represent the
rotational motion around the x-,y- and z-axes. The remaining 3N — 6 degrees of freedom corre-
late with the vibrations of atoms within the molecule. The simplest molecular vibration appears
in a diatomic molecule, in which the coupled motion is observable. The molecular vibrations
in polyfunctional molecules involve a higher complexity of motions. In case of linear molecules,
like CO3, the rotation around the molecular axis does not vary the position of the atoms in the
molecule. Consequently the rotational freedom grades are reduced to two and therefore the total

amount of normal modes accounts for 3N — 5.

Normal modes imply approximately harmonic displacements of the atoms from their equilibrium
positions representing well defined motions, in which all atoms posses the same frequency v, even

in different amplitudes. In the case of diatomic molecules Hook’s law can be applied:

F,=—fAzx (2.3)

where the force F,, results from a displacement of the atoms Az and f is the force constant

describing the rigidity of the bond.
With this, the potential energy V(z) can be described as

Viz)=— / Fdx = %fAzz (2.4)
0

The kinetic energy T of the atoms depends on the reduced mass p and the velocity of their
motions (dAx/dt)

1
T=3n (Az)? (2.5)
with
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mameg
=2 7 2.6
N (2.6)
The vibrational frequency is governed by the force of f and the masses of the displaced atoms m.
For the simplest case, if a diatomic molecule (m, <~ mg) solely obtains one vibrational degree
of freedom, namely the stretching of the bond. The change of total energy is expressed by the
sum of the derivatives of the potential and kinetic energy, which must equal to zero under energy

conversation

T 4V PAr  f
_ a4 2N 2.
at T at T aeE Tt (27)

0

which can be solved by

Az = A- cos(wt + ¢) (2.8)

A presents the amplitude, w the circular frequency and ¢ the phase of the respective vibrational

motion. Insertion of eq. 2.7 in eq. 2.8, results in the definition for circular frequency in 1/s

_ /L
w= \/; (2.9)

The conversion into frequencies expressed by division of circular frequency with 27 leads to the
oscillation frequency v (7 = v/c expressed in cm™) of the spring in relation to the relative mass

1 and to the force constant f is defined as

L Jf
wib = — 1] & 2.1
Vuyib o 1 ( 0)

According to equation 2.10 normal modes frequencies are distingtly linked to the composition
configuration and symmetry of the interconnected atoms of a molecule, involving changes of elec-
tron densities due to non-bonding interactions. Therefore, vibrational spectroscopic techniques
allow sensitive valuable informations of the dynamic molecular structure by excitation of the
normal modes, which can be used not only for compositional resolution of molecules, but also
more important for fast and small structural changes at certian sites.[90, 91] In many cases of
catalysis, the involved active sites are localized within complex molecular structures. Even fast
atomic motions, can be detected in-situ down to femtosecond timescales without restrictions of
the macromolecular sizes.[92] Especially interesting are vibrational spectroscopic techniques in

regard of enzymatic biomolecules, in which small active sitesare burried in large macromolecules.
2.2.1.2 Intensities of Vibrational Bands

Besides the frequencies resulting from normal modes, the intensitiy of a vibrational band is a
second observable in the vibrational spectrum. Whereas normal mode frequencies are fundamen-
tal molecular properties, the intensity of vibrational bands is strongly dependent on the used
experimental technique. Derived from the quantum mechanical theory and by excluding the

factors of the experimental technique, the integral signal intensity for a certain normal mode is
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proportional to the probability of the transition from the initial i to final f vibrational level. The
transition probability is given by the square of transitional dipole moment P;f, described by the

integral

Py =< ¢} |Qy; > (2.11)

where 9y and 1; are ascribed to the wavefunctions for the vibrational states f and i, and Q
presents the operator defined for perturbating the molecule by electromagnetic radiation. The
operator is different for the two different physical processes of IR and Raman spectroscopy. The
operator derives from the first- and second-order of time-dependent perturbation theory for IR
and Raman, respectively. The transition probability per unit time, the transition rate I';y, is

described according to Fermi‘s golden rule by

21
Ly = ;IPifIQPf (2.12)

with p¢ defined as the density of final states.

2.2.1.3 Infrared Absorption

The IR spectroscopy probes molecuar vibrations by resonant absorption of photons, which is

experimentally quantified as the absorbance A by the Lambert - Beer law

A= —logi =c-c-d (2.13)

Iy
deduced from the intensities of incident and transmitted light, Iy and I, respectively. Or from
another perspective, derived from the concentration of the sample ¢, the optical path length
d as well as from e the proportionality constant, which depends on the quantum mechanical
probability of the transition between initial and final vibrational state (see eq.2.11). In IR
spectroscopy, the transition probability is governed by the electrical dipole moment operator i,

for the transition ¢ — f as following

fi, =Y €ala (2.14)

where e, is the effective charge of the atom «, and ¢, presents the distance to its center of gravity
of the molecule in cartesian coordinates (¢=z,y,z). The perturbation with the IR radiation can
be described as a scalar product of the electric field vector of the radiation and fi,. Considering
the components for all molecular orientations, the intensity of IR transitions can be expressed
by

Lig,rr o ([ualiy + lyliy + [:lir) (2.15)

with [ug]ir described by the integral

[qlis =< Viliglvi > (2.16)
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The vibrational transition ¢ — f occurs in the IR spectrum only if it results from a non-zero
transition dipole moment [p4];r 7# 0. To identify the prerequisites for an IR-active absorption,
the operator of the electric dipole moment i is expanded with respect to the normal coordinates
Q@ by a Taylor series, which can be aborted after the second term as a harmonic approximation,

which is considered by involving only linear terms, and results in

3N -6
g =mg+ Y iy Qs (2.17)
k=1
with
on
~k q
it = (5-1)o (2.18)
q aQq

By implementing (eq. 2.17) in (eq. 2.16): the respective transitional dipole moment can be

expressed as

3N—-6

[gliy =1 < jbi >+ > fiy < VF|Qkle > (2.19)
k=1

From this expression, the quantum mechanic description for the absorption process, can be
derived in the following way: the first term of equation 2.19 equals to zero based on the orthog-
onality of both wavefunctions, therefore the second term must be unequal to zero in order to
define a transitional probability as non-zero. This means (1) the dipole moment must change
during the vibration, i.e. given that the first derivative of the electric dipole moment with respect
to the normal coordinates @y, is unequal to zero. (2) the integral< ¢ |Qg|¢); > must also differ
from zero, which is the case when ¢ and f vibrational states differ by one. Conclusively, assuming
an harmonic oscillator, the vibrational quantum number varies about £1 during the transition.
This consideration holds for all three components of the cartesian coordinates (¢=z,y,2), meaning
that the absorbance A of unpolarized light of randomly oriented molecules evolves from the sum
of transition probabilities along all thee components (see eq. 2.15). However, linear polarized IR
radiation on oriented samples addresses individual components of the transition dipole moment

and enables thereby the access to specific details of the investigated systems.
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2.2.2 Fourier Transform Infrared Spectroscopy

The remarkable performance advantages of a FTIR spectrometer lead to drastically reduced
measuring time and an improved signal-to-noise ratio compared to the previously used dispersive
technique. The concept of FTIR is based on the implementation of a Michelson interferometer

(see Figure 2.6).

2.2.2.1 The Michelson Interferometer

fixed mirror
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Figure 2.6: Sketch of Michelson Interferometer. IR radiaton passes the semi-transparent beam splitter,
which is divides the beam in two parts and are subsequently recombined at the sample and guided via
the sample onto detector, while the movable mirror varies optical path differences between the two beams

and generates an interferogram of the detected IR radiation.

The radiation of the infrared source is divided by a semitransparent beam splitter into two
beams directed to a stationary mirror and a movable mirror, the latter varies the optical path
difference by a continuous displacement. The recombination takes place at the beamsplitter and
is guided via the sample onto a detector. The movement of the slideable mirror leads to an
alternating interference. Thus, the resulting interferogram displays the radiation intensity of the
mirror position calculated relatively to the position of stationary mirror. Both variables, distance
and frequency can be interconverted by applying a Fourier transformation as expressed by the

following equation

+oo
I(v) = / 1(0) cos(2m) dd (2.20)

— 00
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thereby v refers to the corresponding wavenumber, while the retardation § is known as the optical
path difference between the two mirrors. The Fourier transformation converts the corresponding
1(6) information in the interferogram to an I(7) plot of the light intensity versus wavenumber.
Therefore, the so called single beam spectrum reveals absorption bands only at wavenumbers at
which the sample adsorbs IR radiation. These specific values are characteristic for certain molec-
ular functional groups within its molecular environment. Vibrational dipole moment changes are
sensitive to variations on the structure, conformation as well as the physical state and can be

even differentiated for similar groups in a complex biological matrix.

Fourier Transform Infrared Spectroscopy offers several advantages compared to the dispersive

technique including

- Multiplex or Fellgett advantage is based on the simultaneous measurement of all fre-
quencies leading to an improved signal to noise ratio. In dispersive spectrometers the respective
intensity is recorded at each spectral data point. Using a FTIR spectrometer, the total noise is
distributed over the entire spectral range, which results in a signal-to-noise (S/N) ratio increased

by a factor of N for a spectrum comprised of N resolved elements.

- Throughout or Jacquinot advantage arises from the fact that the circular apertures
used in FTIR spectrometers has a larger area than the slits used in grating spectrometers that

determine the resolution, thereby enabling higher throughput of radiation.

The combination of the Jaquinot and Fellgett advantages leads to improment of both, the time
required to the speed recording and the signal-to-noise of an FT spectrometer, thereby enabling

in-situ measurements as well as spectral detections at much lower light levels.

- Connes advantage is provided by an internal calibration based on a simultaneaously mea-
sured interferogram of a HeNe laser, which precisly determines the mirror position and thus also

the precise wavnumber of spectral features.

2.2.2.2 Attenuated Total Reflectance — Infrared Spectroscopy

Figure 2.7 displays a schematic representation of a Single-ATR-setup focusing thereby on the
internal reflection element (IRE), i.e. ATR prism, as central building block. The phenomenon
of total reflection takes place at the interface to an optical less dense medium under an angle
of incident higher than the critical angle 6.. Generally, the IRE consists of an IR transparent
material with a refractive index considerably higher than those of the sample. The refrection
index of biological systems is generally about n; ~ 1.44, while silicon (ng;= 3.42), germanium
(nge = 4.0) or zinc selenid (nzns. = 2.43) are typically used as materials for IRE.[93, 94, 95, 96]
In this work metal oxides are used ITO (nyro ~ 1.6 — 2.5), ATO (naro ~ 4).[97, 98]
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Decay pattern of the evanescent wave under ATR condition
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Figure 2.7: Schematic representation of attenuated total reflection IR (ATR-IR) spectroscopy. Incoming
unpolarized IR beam, defined by perpendicular (s) and parallel (p) component relative to the plane of
incident of electromagnetic field results in total reflection at the interface to an optical less densed
medium, i.e. sample, if incident angle exceeds critical angle 6.. Illustrated magnification displays the
descent of electromagnetic field at interface to optically rare medium presenting the progress of an

evanescent wave.

ATR is the effect of the total reflection of an evanescent wave through the interface into the less
dense medium without carrying any energy. In this process, the amplitude of the electric field

decays exponentially in the direction normal to the surface.

E = Epexp (i) (2.21)
dp
Thereby, d,, defines the penetration depth at which the amplitude decayed to ca. 37 % (~ e 1)
of its initial value and depends on the angle of incident 4, the wavelength of the radiation A and

the ratio of the refractive indices ny /ngof IRE and the optically rare medium, respectively:

d, = A (2.22)

2
214/ sin20 — ("—1)

no

Generally, the penetration depth lies in the range of the wavelength of the incident radiation.
In case of a Si-prism, an incident angle of 60° and a spectral region of 1000 — 4000 cm™ (10 —
2.5 pm) the penetration depth of the evanescent wave is between 2.6 and 0.7 pm, respectively.
Hence, absorbing species on the surface of the IRE medium can be probed by the interaction
with the electric field of the evanescent wave. Absorbants of multi, but also of single layers can
be probed in-situ by ATR. Furthermore, it provides the possibility to measure a wide variety of

solid and liquid samples without any complex sample preparation.
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2.2.2.3 Surface-Enhanced Infrared Absorption Spectroscopy

An important variant of IR-spectroscopic investigations is the so called surface enhanced in-
frared absorption (SEIRA) spectroscopy, which was developed in the 1980s.[99] Molecules which
are adsorbed on nanostructured metal island film or metal colloids exhibit a more intense IR ab-
sorption. Similar to the surface-enhanced Raman spectroscopy (SERS) the enhancement effect is
based on two different mechanisms: an electromagnetic (EM) and a chemical contribution.[100]
The total enhancement provide a factor of 10 to 100 times higher intense IR absorption. Whereas
SERS presents enhancement factors in a range up to 10® times. However, the sensitivity of this
IR technique is high enough to allow quantitative and qualitative analyses of components in the
range of picogram to micrograms close to the surface. Studies correlating the metal thickness
and the enhancement, proved a short-range enhancement effect within ca. 8 nm from the metal
surface.[101] The surface can be characterized in vacuum, air, gas and solution phases. In addi-
tion to the use of metals for signal enhancement, they can function also as a working electrode
for electrochemical studies on the same sample, therby allowing spectro-electrochemical investi-
gations. Hence, SEIRA spectroscopy is a powerfull tool for a wide range of applications including
biological systems. So far, SEIRA spectroscopical investigations had been shown for peripheral
and integral membrane proteins such as cyt ¢,[102, 103] cyt ¢ oxidase,[104] sensory rhodopsin
IT,[105] membrane-bound anion channel,[106] hydrogenases,[67, 62, 107] just to mention a few.
A variety of immobilization strategies were developed for the protein binding either directly on
the surface as well as embedded in artificial bilayer membranes.[106, 108, 109]

Similar to SERS, a roughened structure of the metal surface plays a crucial role with respect
to the surface enhancement effects in SEIRA spectroscopy. The most common metal used for
SEIRA is gold, because of its properties exposing plasmon resonance in the range of IR, but also
a nobel metal, ehich is inert for oxidaziation, easily modified to a biocompatible surface by self

assembled monolayers.

The observed total surface-enhancement consists of the sum of different individual effects.

¢ Electromagnetic (EM) Mechanism

Plasmon Resonance

Surface plasmons can be excited by an electromagnetic radiation, resulting in an enhanced
electromagnetic field at the surface [110, 111]. The metal can be polarized by an interaction
with the incident photon field via excitation of the collective electron resonance (localized
plasmon modes). The dipole p which is induced in the particles generates a local electro-
magnetic field around the particles. The induced EM field is polarized perpendicular to
the surface at every point in the metal particle. The magnitude of the localized EM field
Ejocar depends on the induced dipole p and the distance from the metal d with the sixth

power
4p?
ds
The decrease of the localized EM field with distance by the sixth power results a the short-

range enhancement effect.
As shown in Figure 2.8, the local EM field is much stronger than the incident EM field.

|Elocal|2 = (223)
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The polarization of the local EM field along the surface normal results in a surface selection
rule. In general an oscillation of dipoles perpendicular to the surface leads to a three times
higher intensity than randomly oriented dipoles. [101]. Thereby, enhancement effect can

be described according to the following distance dependency

ag

- d)6 (2.24)

Fsgrra(d) = Fsprra(0) - (

with Fsgrra(0) the enhancement factor of the surface, ag the diameter of spherical metal
islands and d the distance from the metal surface. For a adequate enhancement the diam-
eter of the islands must be in the range of the incident radiation wavelength. The extent

of the enhancement is dependent from the dimensions and also shape of the metal particles.

electric component
E(IR)

N adsorbed
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Lo?alle{@ri‘c field < m )/
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Figure 2.8: Schematic representation of the EM and chemical mechanism on an island metal film; p:
dipole moment; a,b: dimensions of the ellipsoid metal particles; dp: additional induced dipole of the

metal island denoted to the molecular vibration of the adsorbed molecules.Adapted from[112].

Perturbation of Optical Properties of the Metal

Additionally, a perturbation caused by oscillating dipoles of surface molecules can con-
tribute to the total enhancement factor. The oscillating dipoles of adsorbed molecules
enable an induction of dipoles in the metal particles resulting in a change of the dielectric
function of the metal, which modulates the transmittance and reflectance of the metal film
at the wavenumbers of the vibrations. The perturbation is larger at frequencies of molecular
vibrations. Therefore, the molecular vibration is observed by the change in transmittance

or reflactance of the nano-structured metal island film [101].

e Chemical Mechanism
Another contribution to the overall enhancement is given by the so called chemical mecha-
nism. Chemisorption can also change the vibrational polarizability of adsorbed molecules
due to donor-acceptor interaction between the adsorbed molecules and the underlying
metal. Strongly polarizable groups of adsorbats achieve a larger enhancement than others
[113]. This effect is similar to a charge transfer process between molecular orbitals and

those of the metal, thus can cause an increase of the adsorption coefficient.
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e Unifromal Orientation
Molecule adsorption at the metal surface usually leads to a preferential and more ho-
mogenous orientation due to an alignment of molecular dipoles within the exposed electric
field. Vibrations perpendicular to the surface are enhanced maximal by the enhanced IR
radiation propagating perpendicular to the surface. In comparison to statistical random

distribution of orientations in solution, this alignment gives rise to an enhanced signal.

SEIRA displays a strong dependency on the angle of the incidence of IR light, hence on the
contribution of polarisation component of radiation. P-polarized IR radiation progagating per-
pendicular to the surface leads to the highest plasmon resonance due to the most intense interac-
tion with the metal inducing the strongest dipole moment of the metal. However, the geometry
of s-polarized radiation to the surface does not yield any surface enhanced IR signals. These

properties of SEIRA effects are discussed and reviewd by Osawa.[112]

2.2.2.4 FTIR Spectroscopy on Proteins

The main feature of an protein in the IR spectrum is related to of the polyamide backbone with its
secondary and tertiary structure, involving residues of each single amino acid side chain,[114] and
prosthetic groups. The latter two components can usually only be derived in difference spectra,
emphasizing even small changes in the IR spectra.[115] The protein backbone structure, however,
contributes to a predominant part to the protein related IR signals, denoted as various amide
bands. Their respective vibrational spectroscopic features mainly derived from the secondary

structure elements are shown in scheme (Fig. 2.9) and Table 2.1.

amide A + B amide I amide II amide IIT

Figure 2.9: Scheme of protein amide vibration of predominant group modes indicated by arrows and

assigend to correpsonding wavenumbers in Table 2.1.

Table 2.1: Assignment of protein amide vibrations to wavenumber regions, which correspond to the

predominant group modes illustrated in Fig. 2.9.

designation ~ wavenumber / cm™  group vibrations

amide A 3310 - 3270 N-H stretching; 1st Fermi resonance with first overtone of amide II
amide B 3010 - 1600 N-H stretching; 2nd Fermi resonance with first overtone of amide II
amide I 1700 - 1600 C=0 stretching with minor contributions of N-H bending

amide II 1580 - 1480 combination of N-H bending and C-N stretching

amide IIT 1300 - 1230 combination of N-H bending and C-N stretching
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The focus with respect to the protein backbone vibrations is formally directed to the amide I and
amide II bands, which can be predominantly ascribed to the stretching vibration of the C=0
combined with minor N-H bending and to N-H bending combined with C-N, respectively. So far,
amide I band is the most extensively studied one and can provide valuable information. Thus,
e.g. vibration for different secondary structures can be discriminated due to different hydrogen
bonds in between the structures. Both vibrational contributions, namely the C=0 stretching and
N-H bendings can be easily effected by their interacting hydrogen bonds. Therefore, components

can be assigned to their structural fragments.

a=-helix [-helix fi-shect

Amide |

(= 1E50 eme)

Amide |
{1635 cm')

Amide 11
{=1324 cm™

Ammide 11 Amide 11 rmide | Amide | Adide 11
(~1345 cm!) (~1 550 ey (BRI cm-1) (= 1630 em ) 555 cnly

Figure 2.10: o-helix (left), S-helix (center), and S-sheet (right) composed of C=0 and C-N bonds,
which are highlighted in red and blue, respectively. Due to the periodical alignment of these bonds,
the total dipole moments of amide I and amide II of the secondary structure elements are orientated
perpendicular to each other as indicated by the arrows for amide I (red) and amide II (blue). (PDB:
1KdL, IMAG, and 1JY4, respectively. Graph depicted from reference [116]

a-helix consists of N-H forming hydrogen bonds sequencely with the C=0 group four residues
earlier. The a-helix exhibits a sole amide I IR absorption usually in a range between
1657 cm™ and 1648 cm™. The transition dipole moment is oriented in parallel to the helix
axis. The amide II band is located at ca. 1545 cm™' with a perpendicular polarization

relative to the helox axis.

310-helix exhibits similar structure to a-helix, but forms hydrogen bonds with each third residue.

The corresponding helical structure is packed slightly tighter.

[B-sheet is connected laterally by backbone hydrogen bonds, forming a twisted, pleated sheet.
Due to the dipole moment coupling, the amide I band splits into two components. The
main absorption occurs ar 1630 cm™ with a dipole moment oriented perpendicular to the
propagation direction of the chain. The weaker absorption is located at ca. 1685 cm™!
revealing a dipole moment parallel along its chain. The related amide II band of S-sheets
is split in two components showing a strong absorption at 1524 cm™ and a weaker at 1555

1

cm™ as well.

B-helix shows similar features as observed for $-sheet and exhibit in such way one weaker and
one stronger component, perpendicular and parallel dipole moments relative to the helical

axis, at 1635cm™ and 1690 cm™, respectively.
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Turn differ significantly in their hydrogen bonding network and therefore show an unspecific
absorption in a range between 1690 cm™ and 1630 cm™!. However, most often the amide I
band can be found between 1686 and 1662 cm™.

Random Coil overlaps with the observable positions of a-helices and is located at around 1650

cm™'. Membrane proteins rarely harbour such segments.

Surface-Selection Rule is based on the local EM in the surface enhancement effect, which is
polarized perpendicular (along the z-axis) to the metal surface at every point at the mtal surface.
Besides the enhancemnt of IR signal, the alignment of the vibrational mode relative to the surface
determines observable IR intensity. This allows to characterize orientation of adsobed molecules,
but also gives insights into possible reorientations. Structural elements with a dipole moment
change associated with an excited vibrational transition oriented parallel to the metal surface (in
the xy-plane) do not exhibit any effective IR absorption I) = 0 ; those oriented perpendicular to
the surface display the highest intensity of the IR band (I, ; along z-direction). For orientations
in between both of these two extremes, the intensity depends on the z-component of the dipole

moment change and, hence, on the angle relative to the surface normal:

Itre = I1R,1 - cosO (2.25)

As mentioned above, the amide I and amide II vibrations are comprised mostly of C=0 and C-N
stretchings, respectively. These groups appear in a periodical orientation in helices and sheets
and experience a coupling of their dipole moments. This leads to a coupled oscillating system
of amide T and amide IT vibrations, respectively,[114] characterisitc for the entire secondary
structure unit (see Figure 2.10). Consequently, the total dipole moment changes of these amide

bands show a specific orientation for helices and sheets.

2.2.2.5 Infrared spectroscopy of Re MBH/active site of MBH

[NiFe] hydrogenases harbours three inorganic diatomic ligands coordinated to the Fe atom of the
bimetallic active site: one carbonyl monoxide and two cyanides [117]. In the IR, these stretching
vibrations occur in a specific spectral region free of other vibrations, e.g. from protein backbone.
The exact band positions are sensitive to small changes of electron density related to varying
ligation or changes in the surrounding amino acid environment of the active site. In more detail,
the observable shifts of the characteristic frequencies of CO and CN™ ligands are mainly based on
the distinctive m-acceptor capabilities [118]. In this context, a higher electron density at the Fe
atom would cause a stronger backbonding into an antibinding “zn” orbital, which leads in turn to
a shift to higher stretching frequencies. Furthermore, changes of the stretching vibrations of the
ligand can also result from varying hydrogen bonding interactions with surrounding amino acids

in the second coordination sphere e.g. caused by point-/ site-directed mutagenesis [119, 120].

Generally, most coordinated carbonyl and cyanide functionalities exhibit strong and sharp bands.

The typical spectral regions for [NiFe] hydrogenases are 1970-1890 ecm ™! for CO stretchings and
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2120-2040 ecm~! for CN vibrations. Free CO in aqueous solution absorbs at 2155 cm ™!, while
the corresponding band for free CN- is localized at 2080 em~1.[54, 121]

The typical IR spectral regime are displayed from Re Membrane-Bound [NiFe] Hydrogenase in
Figure 2.11, where the absorption bands of the CO and CN ligands of the active site are found. In
cases of samples with low protein concentrations or when band positions of different redox states
are located in close vicinity, a visual resolution enhancement can be achieved by displaying the
absorbance spectra as the corresponding second derivatives. This allows a better differentiation
of the absorption band as sharp peaks because broader background modulation and baseline

drifts are suppressed.
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Figure 2.11: FTIR absorbance spectra, the second derivative and the baseline corrected spectrum of a
sample from a [NiFe]-hydrogenase, exhibiting a mixture of several redox states. Each state is normally
characterized by one CO and two CN stretching vibrations, suggesting some bandoverlaps.

By means of IR spectroscopy all redox states of the active site can be examined, which cannot
be accomplished by EPR (see section 2.1.1.4). In contrast to X-ray crystallography, dynamic
structural changes in the ligation can be detected by IR spectroscopy. In combination with
electrochemistry, so called IR-SEC, detailed information about the redox potentials, the number

of electrons and protons involved in redox transition as well as slow kinetic might be determined.

The kinetic behavior of the enzyme adsorption within the immobilization time can be derived
from plotting IR, absorption intensity (A) of amide I, amide IT or CO band as a function of time
(t). These will be described in the following chapters by a mono-/ or biexponential processes,

i.e. a first or second order decay of adsorbent, defined as

A =Ag+ A; exp(-t/t1) or A = Ag + A; exp(-t/71) + A exp(-t/ 12).

with Ag, Ay and A, present the absorbance intensities of amide I or amide II band at the final
adsorption time, at the first and the second completed adsorption process, respectively. Further,
73 and Tty present time constants for the first and the second adsorption process, respectively.
Therefore, the kinetic processes and time scales of Re MBH adsorption and surface interaction

can be distinguished in more detail.
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2.2.3 UV-Vis Spectroscopy

In the UV-Vis range (UV: A= 1-400 nm; Vis: A=400-800 nm), absorption of light causes vibronic
transitions inducing simultaneously electronic, vibrational and rotational excitations. Due to the
strong interactions between molecules in solution, the electronic transitions occur as broad bands.
The rotational transitions can not resolved even in gas phase. Hence, these transitions are in
most cases neglected. The intensity of a transition from an electronic (n) and vibrational (v)
ground states Sp o to the corresponding excited state S, , is proportional to the square of the
transition dipole moment M, which can be separated into the electronic Mp., and the vibrational

contribution Fp o.n,

M = Moy Fo om0 (2.26)

where Fp ., exhibits the vibrational overlap integral of the corresponding vibronic wave func-

tions xo,0 and X, .

FO,O;n,V = XO,OXn,UdT (227)

thereby r is the internuclear distance. The transition probability between the vibrational ground
Sp and an excited state S, is given by the Franck-Condon factor which is defined as the square

Of FO,O;n,l/'

The electronic transition dipole moment My.,, with the wave functions v is determined as

MO,n = "/)llwdQe (228)

During the scan of an UV-Vis spectrum, the wavelength of the incident light is continuously
varied. The observed absorption bands in the UV-Vis spectrum can be preferentially interpreted
as energy-rich electronic transition at significant wavelengths. Due to the excitation of the
molecules, the light intensity of the UV-Vis source [y is reduced to an intensity I and subsequently
detected. Assuming a reasonable low concentrations c of the sample this intensity-loss obeys the

law of Lambert-Beer

I
A= logTO = ecd (2.29)

where d is the thickness of the sample, which is passed by the light beam and e is the extinction

coefficient of the investigated samples.

2.2.4 Semiconductor

The properties of semiconductor electrodes and their differences to metallic electrodes can be
understood by examining the electronic strucutres of the material. The highest and lowest energy
levels of a band are referred to as the band edges. The energy bands of intrest are the highest
occupied (valence band) and the lowest unoccupied (conduction band). It is the energy gap

between these bands (band gap) that determines the properties of the material.
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Figure 2.12: Band structure diagrams for relative energetic position of valence band (VB), conduction

band (CB) of metal, semiconductor and insulator materials.

Conductivity of a solid state material requires that the electrons occupy partially filled orbitals.
This is achieved by occupancy of the conduction band. For metals, the conduction and valence

bands overlap, so the conduction band can be readily occupied.

For insulators, the band gap is sufficiently large that electrons cannot be promoted from the
valence band to the conduction band. However, for semiconductors, the band gap is not as
large, and electrons can be moved into the conduction band. The promotion of electrons leaves
a positively charged vacancy in the valence band, which is referred to as a hole. These holes
can be moved through space by the transfer of an electron to the vacancy; therefore, holes are
considered to be mobile. Electrons can be excited to the conduction band either thermally or
photochemically. However, there is another method for generating charge carriers (i.e. electrons
or holes) within a semiconductor, referred to as doping. Doping involves the addition of a
different element into the semiconductor. The simplest example of this involves the introduction
of a group V element (e.g. P) or a group IIT element (e.g. Al) into a group IV element (e.g. Si).
The addition of P into Si introduces occupied energy levels into the band gap close to the lower
edge of the conduction band, thereby allowing facile promotion of electrons into the conduction
band. The addition of Al introduces vacant energy levels into the band gap close to the upper
edge of the valence band, which allows facile promotion of electrons from the valence band. This
leads to the formation of holes in the valence band. Undoped semiconductors are referred to as

intrinsic semiconductors.

The characterization of semiconductor electrodes is defined by the dominant (or majority) charge
carriers. In case of majority charge carrieres being electrons, the materials are referred to as n-
type semiconductor, whereas those in which holes are the majority charge carriers are referred

to as p-type semiconductors (see section. 2.3.1)

The following sections will discuss transparent conducting oxides, which belong to a subgroup of
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semiconductor materials and are used in this work as electrode material. Further, an introduction
to the electrochemical properties at the semiconductor/eleytrolyte interface will be given in
section 2.4.3.

2.3 Transparent Conducting Oxides (TCO)

Most TCO’s belong to a subspecies of n-type semiconductors which exhibit high electric conduc-
tivity (10% ~ 10* S em™) and high optical transparency (> 80%).[122, 123, 124] Typically, values
of high electric conductivity are associated to metals owning a high density of free charge carri-
ers. The latter exhibit high optical absorptions of electromagnetic radiation and hence prevent
an optical transmission. On contrary, insulators are known for transparency provided by their
large band gaps, but posses low or no conductivities. Transparent conducting oxides have the
particular property of owning both of these characteristics. TCO’s are wavelength dependent
optical resistors as they are capable of generating mobile electrons as well as they are dopant
dependent electrical conductors. Transparent conductive electrodes play important roles in in-
formation and energy technologies, as their optical transparency in the visible region is combined
with a controllable electrical conductivity. These materials, particularly transparent conductive
oxides, are widely used as transparent electrodes across technical fields such as low-emissivity
coatings, flat-panel displays, thin-film solar cells and organic light-emitting diodes. The first
TCO, cadmium oxide (CdO), was discovered 1907 by Badekar.[125] The research in the fields
of transparent conductor materials grew intensively in the last decades.[126] In the last half
century, systems such as indium oxide (In,O3), tin oxide (SnO2) and zin oxide (ZnO) as well
as related binary, ternary and quaternary systems have been developed and applied in modern
technology.[127, 128]

2.3.1 Theoretical Background of TCO’s

In all semiconductors, there is a forbidden energy region or gap in which energy states cannot
exist. Energy bands are only permitted above and below this energy gap. The upper bands
are called the conduction bands, while the lower ones are called the valence bands. Figure 2.13
illustrates perfect isolators such as oxide glasses with a high transparency due to their large energy
bandgap, usually F; > 4 eV, and a low amount of free charge carriers hindering an electrical
conductivity. However, high free charge concentration can be introduced within the forbidden
zone intrinsically by defects such as oxygen deficiencies or extrinsically by substitutional dopant

in the host matrix.

As displayed in Figure 2.13, when a semiconductor is doped with donor or acceptor atoms, the
donor level close to the conduction band or the acceptor level close to valence band can be filled,
respectively. The donor level is defined as being neutral if filled by an electron, and positive if
empty. An acceptor level is neutral if empty, and negative if filled by an electron. Depending on
the distance of the donor and acceptor levels with respect to the corresponding bands, electrons
can be thermally excited into the conduction band as well as holes into the valence band thereby
achieving conductivity. Most of the TCO materials are n-type semiconductors such as Sn-doped
InyO3 (ITO) and Sb doped SnOs (ATO), which are used in this work.
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Figure 2.13: Band diagrams of (A) a undoped intrinsic semiconductor (B) an p-doped semiconductor

(C)a n-type semiconductor.

The charge carrier concentration (density) can be obtained by approximating the Fermi-Dirac

integral by a Boltzmann distribution for holes (p):

Er—F
= Nypexp (_%) (2.30)
The number of electrons (n) occupying levels in the conduction band is given by
(Ecp — EF)
= N, - 2.31
e (2.31)

where Nep presents the effective density of states at valence band maximum, Ef is fermi level,

Eygis valence band edge, k is Boltzmann constant and 7' is temperature.

where Nopg, Nypg- effective density of energy states (DOS) of conduction and valence band,

respectively, and are defined at valence band maximum by

R\ 23
Nyp =2 (mh > (2.32)

and at conduction band minimum by

(2.33)

mikT 2/3
2mh? )

NCBZQ(

Here, mZ‘e n) denotes the effective mass of electrons or holes; deviation of from free particles

behavior- to describe the energy band structure of solid.

The Fermi level is euqgivalent to the total chemical potential for electrons. In a band structure
picture, the Fermi level can be considered as a hypothetical energy level of an electron, such
that at thermodynamic equilibrium this energy level exhibits the probability of the half occupied

level. The position of the Fermi level can then be calculated from

FE E kT = N
gy — \BvstEcs) KT, Nvp (2.34)
2 2 ""Nog
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The electrochemical potential of electrons is given by the Nernst equation (eq. 2.41) in relation
to the standard hydrogen reference electrode as displayed in Figure 2.14. A theoretical absolute

scale is defined by the vacuum level as a reference point.

Solid State Scale Electrochemical scale
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Figure 2.14: Schematic illustration of semiconductor band position in repect to energy level of solid
state (eV), compared to electrochemical scale (NHE and SCE), and compared to redox couple of H* /Ha.
depicted from reference [129].

The vacuum level is the energy of an electron far from the influence of the potential of the solid.
The electron affinity for a semiconductor is the energy required to remove an electron from the
bottom of the conduction band to the vacuum level. The work function is the energy required

to take an electron from the Fermi level to the vacuum.

Electrical and optical properties

The electrical conductivity and visible transparency are the two characteristics of semiconductors,
which strongly relate on another.[123] The electric conductivity depends on the charge carrier

density and charge carrier mobility in the presence of elemental charge and hence is described as

O=Ne-fi-€ (2.35)

where u represents the charge carrier mobility, n. the charge carrier density, and e the elementary

charge. The material resistivity p can be expressed as

p=(ne p-e)" (2.36)

From the resistivity and the film thickness d the films sheet resistance Rs can be derived as

follows:
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Ry =" (2.37)

The transparency can generally be defined following the Lambert-Beer law as already described
after same principle as UV-Vis Absorption (see eq. 2.13). The absorption coefficient of a semi-
conductor material at a given wavelength determines the spatial region in which most of the
light is absorbed. Depending on the electronic band structure, band gaps of metal oxides count

to the group of indirect absorption band gaps, which usually exhibit only low absorptions.

2.3.2 Application / TCO examples

Tin-doped Indium Oxide (ITO) is a very common TCO material. This material has extremely
complicated refractive indices with optical absorptions in both the UV and the NIR regions.
Each manufactured ITO film can show widely varying refractive indices depending on production
conditions.[130] In comparison to pure InyOs, tin-doped Ins O3 exhibits higher electrical conduc-
tivity due to the substitution of indium atoms (3+) by tin atom (44). This cation substitution
process generates one additional electron contributing to the formation of a lower energy level
of the conduction band, vide supra (section 2.3.1). The incorporation level of Sn atoms into the
Iny O3 lattice counts usually 5-15 mol%.[131] Its high visible transparency (T > 85 %) combined
with its good electrical conductivity (10% ~ 10* S cm™) makes ITO coatings a very attractive
materials for an application as transparent electrodes, flat panel display construction[132] for gas
sensing,[133] or enzyme immobilization.[134, 135] Since natural resources of indium are limited
and the ITO coating production has increased drastically in the last decades, indium becomes
more and more precious. In the last years, the development of reduced indium content TCO
materials became necessary in regard of sustainability. However, comparable electrical conduc-
tivity and optical transparency challenges productions for ITO alternatives. Some examples of
“indium saving” alternatives were recently developed. Besides hetero-bimetallic systems such as
Zn-In-0O[136]and In-Cd-O [137], also indium-free materials have gained relavance as like doped
SnO2 (Sb -, Nb- and Ta-doped Sn0O-).[138, 139] Since parts of this thesis focus on alternative
ITO materials such as Sn-rich InpO3 (ITOrr) and Sb-doped SnOy (ATO) (see section 2.3.4),

the following section describes their material characteristics briefly.

2.3.3 Tin-rich Indium Tin Oxide (ITOrgr)

One promising example of an ITO alternative was recently reported by Veith et al.,[140, 141, 142]
and Aksu et al. [143]. The synthesis of this novel tin-rich ITO material was established with
a largely reduced indium content (from 90% in ITO down to 50% in tin-rich ITO).[143] The
synthesis route for tin-rich ITO (ITOrg) is based on a single source precursor approach. This
is accomplished by the thermal decomposition of a single source precursor molecule, namely
indium(I)tin(IT)-tert-butyl-oxide (ITBO), containing a ratio of 1:1 of the required elements.[141]
The single source precursor enables the fabrication of thin films with homogenousdistribution
of the incolved elements as well as the fine tuning of the final material morphology.[141] This
approach provides a great advantage over the traditional processes such as sol-gel, which are

usually based on different single metallic precursors.

The thermal decomposition of deposited ITBO thin films at 400°C leads to homogenous coatings

with a final indium and tin content of 1:1, reflecting the initial composition of the single source
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precursor (Sn:In ratio of 1:1). Besides high transparency (98%),[144] ITOrg thin films exhibit
surprisingly high conductivities (10% S ecm™)[143] in the amorphous state. Those properties
make ITOrg thin films an interesting alternative for regular ITO coatings, which could be used
as transparent conductive platform for the immobilization and spectro-electrochemical investi-
gation of electrocatalysts such as enzymes. The following chapter section will first describe the
preparation and characterization of the heterobimetallic indium tin precursor ITBO as developed
by Veith and coworkers,[145] followed by the synthesis of ITOgr coatings as prepared by Aksu
et al.,[143] and Guiet et al. [146, 147].

The synthesis of indium(I) tin(II) tris-tert-butoxide, InSn(OtBu)s (ITBO), has been reported
by Veith and Kunz in 1991.[145] The compound was obtained from Na(Ot¢Bu)3Sn(II) in a het-

erogeneous salt elimination reaction with In(I)Br as following

Na(OtBu)sSn + InBr —NaBr, In(OtBu)sSn

The complex has a distorted trigonal bipyramidal InO3Sn structure with In and Sn in apical
positions and the three oxygen in equatorial positions (Figure 2.15). The metal ions harbor
both, a lone electron pair and occur in their lowest oxidation states (In*! and Sn*?). Therefore,
ITBO could react as a double Lewis base towards electrophilic metal centers under formation of
covalent binding with Sn and In.

N B %yh

A

:Sn |

Otbu \OtBu é\‘,

Figure 2.15: Representation of (A) structural formula and (B) molecular structure of indium(I) tin(II)
tris-tert-butoxide, InSn(OtBu)s determined by x-ray analysis.[145] Gray spheres are carbon atoms. Hy-

drogen atoms are not shown. Depicted from reference [148].

The high solubility of ITBO in organic solvents, e.g. until 800 mg/mL in toluene, allows a simple
synthesis by spin-coating of homogenous ITOrg thin films directly from its precursor solutions.
As reported of the group of Prof. Driess (TU Berlin),[143, 135] thin film ITOrgr deposition
can be achieved from a concentrated ITBO solution in toluene by spin-coating under controlled
inert conditions (< 1 ppm H20O, < 1 ppm O3). After solvent evaporation, the deposited thin
film is exposed to a subsequent thermal treatment under air, which leads to the formation of
homogeneous transparent ITOrgr thin films. A second thermal treatment under forming gas
results in long-term stable and highly conductive homogenous thin film electrodes. The first
calcination step under air atmosphere leads to a complete oxidative combustion of the organic
tert-butyl groups. Thus, under thermal decomposition and release of carbon dioxide and water,
the formation of a material solely composed of a metal-oxygen matrix, InSnO, with In?t and

Sn*T, is achieved.
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Guiet et al [146, 147, 148] exemplified the immense flexibility of 3D material design and reported
a great variety for different ITOrgr nanoparticle compositions, which are highly relevant in nowa-
days heterogeneous catalysis. A more detailed insight of the material can be found in reference
[146, 147).

2.3.4 Tin-doped Antimony Oxide (ATO)

Besides ITOrg films, an alternative, commonly used, well-crystallized material, which is based on
SnO4 doped with Sb or F. These materials can be found among others in applications for trans-
parent, electrical conductors, low-emittance coatings and frost-preventing surfaces .[149, 150]
Tin oxide is known as a wide band gap material (e.g. between 3.6-4.0 ¢V) and crystallizes
in the rutile cassiterite structure. Due to its unique physical properties such as high electri-
cal conductivity, high transparency in the visible part of the spectrum and high reflectivity in
the IR region [151], this system has gained high interest and was extensively studied in the
last years.[152, 130, 153, 154, 155] Particularly, they are stable up to high temperatures, ex-
hibit an excellent resistance to strong acids and bases at room temperature and displays very
good adhesion to many substrates as well as perform as electrode platforms for biocatalyst
adsorption.[156, 157] All these properties have promoted an intense research on SnOs coatings
over the past few decades. Tin oxide films have been prepared by various techniques such as
sputtering [152], spray-pyrolysis [130], electron-beam from bulk samples [153], sol gel [154] dip
coating of precursor solutions.[155] It is well described in literature that the film conductivity
increases largely without losing optical transparency with a small amount of dopant.[158] Alter-
natively, the preparation of Sb- doped SnOy (ATO) thin films can be also easily prepared by
evaporation induced self-assembly (EISA) of crystalline ATO nanoparticles (NPs) sols. [139, 157]
The preparation of the ATO NPs is described in more detail reference [157].

2.4 Electrode Interfaces

2.4.1 Metal Electrode-Electrolyte Interfaces

Inserting a bare metal electrode into an aqueous solution leads to redistribution of charges and
thus to a charged interface.[92] Depending on the kind of metal and electrolyte, the electron
density of the metal is either reduced or increased which results in an excess concentration and
even adsorption of oppositely charged ions at the electrode surface under formation of an electric
double layer (DL). This phenomena does not require externally applied potentials and takes place
already at open circuit conditions. The charge distribution at the solid/water interface, shown
in Figure 2.16 (A), can be described by a combination of the Helmholtz and the Gouy-Chapman
concept. According to this, the first layer in direct contact at the electrode surface defines a

compact film of absorbed ions and/or a highly ordered water matrix.
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Figure 2.16: Scheme of potential profiles in the electrical double layer at (A) a metal-electrolyte interface
with absorbed ions, (B) a metal coated by self-assembled monolayer with polar funtional groups in
contact with electrolyte presented in a simplified model and (C) in an advanced model including the
dipole potential ¥p deduced by the polar functional group. The potential of metal pas , the inner
Helmbholtz layer ¢c and of the solution ¢s, as well as the thickness of the inner Helmholtz layer dc are

illustrated in each model (A-C).

The interactions between the ions in solution and the electrode surface are asssumed to be
electrostatic and result from the fact that the electrode holds a charge density (o) arising
from either an excess or deficiency of electrons at the electrode surface. In order to preserve a
neutral interface, the charge at the electrode is balanced by the redistribution of ions close to the
electrode surface. The overall results are two layers of charges, known as the double layer, and a
potential drop which is confined to only this region, finally reaching the outer Helmholtz Plane
(OHP) in solution. This can be regarded analogous to an electrical capacitor, which are two
plates of charge separated by a distance. The outer Helmholtz or diffuse double layer represents
the region in which the ions can diffuse freely underlying a concentration gradient, which is

determined by the interfacial electric field.

The potential distribution in the proximity of a metal can be described on the basis of a simple

electrostatic model in which the charge densities at each interface have to be considered (see
[159]).

The charge density of the inner Hemholtz layer o¢ is defined by the requirement of charge

neutrality of the complete system :

oM +oc+os=0 (2.38)

Under potential applications, the potential of the metal electrode can be set and a charge redis-
tribution and ion reformation in the water matrix at the surface takes place under maintanace
of charge neutrality of the complete system. Hereby, the potential of zero charge (Epz¢) can
be understood as the absolute charge density equals zero, vy = pg. In this conext, no effective
field perturbates the solution and no DL formation occurs. Coating the electrode with an am-
phiphilic self-assembled monolayer (SAM), as shown in Figure 2.16B, introduces a hydrophobic
layer functioning as capacitor and a hydrophilic polar funtional group facing the solution. The
hydrophobic layer lowers the dielectric constant (e, ~ 2 — 3). The potential drops linearly along
the capacitive layer similar to Figure 2.16B. This model disregards the influence of the charg-
ing functional group. Therefore, a more elaborate model contemplates the dipole potential ¢p

deduced by the polar functional group and can be displayed as shown in Figure 2.16C.[160)
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2.4.2 Self Assembeled Monolayer (SAM)

The direct adsorption of proteins at metal surfaces is known to cause denaturation of the protein,
i.e. the loss of its structure and thus the distruction of its function. Due to the strong electric
felds at the metal/water interface proteins may unfold.[161] Self-assembled monolayers (SAMs)
are a simple and variable way to cover the metal surface, resulting in high compact, organic
monolayer films, thereby establishing a biocompatible electrode. The self-assembly of amphiphilic
alkanethiols are structured as R-(CHz),-SH chains, where n denotes the length of the alkyl chain.
The sulfur species can adsorb spontaneously under covalent binding at a variety of noble metals,
especially Au and Ag electrodes can be easily coated in such way. The organic chain interacts
leading to a highly ordered monolayer by self-assembly based on van der Waals forces.[162, 163]
The strength of thiol-metal bonds is in the order of 100 kJ/mol, which make it fairly stable with
respect to variations of temperature, solvents, and potentials.[164] The specific properties such as
the packaging density, the degree of order or the angle between the metal-S-chain of the assembled
monolayer depend on the particular type of the employed SAM, i.e. on the number of n and the
nature of R, which represents a functional group. Depending on the properties of the protein,
e.g. its charge distribution or dipole moment, R is selected correspondingly to ensure an efficient
adsorption. Thus, cytochrome ¢ with a positive binding patch can be effectively adsorbed using

a negatively charged SAM (R: carboxylic acid group) via electrostatic forces.[165]

Figure 2.17 illustrates common mechanisms for protein adsorption using different kind of func-
tional groups. The most complex immobilization strategy refers to the cases in Fig. 2.17E and F
where adsorption of the protein is achieved via formation of covalent or coordinative bonds be-
tween the SAM and the biomolecule.[166, 167] Besides direct adsorption of protein at the surface,
strategies for the formation of phospholipid membran films have been recently established to em-
bedd membrane-integral enzymes and investigate these in their natural environement.[168, 169]
The choice of R in combination with pH of the electrolyte reflects the charge density at the

interface. A more profound introduction to SAMs can be found in the cited literature.[170, 171]

2.4.3 Electrochemistry on Semiconductors

There is a fundamental difference between electron-transfer reactions on metals and on semi-
conductors. On metals the variation of the electrode potential causes a related change in the
molar Gibbs energy of the reaction. Due to the comparatively low conductivity of semiconduc-
tors, the positions of the band edges at the semiconductor surface do not change with respect to
the solution as the potential is varied. However, the relative position of the Fermi level in the
semiconductor is changed, and so are the densities of electrons and holes on the semiconductor
surface. The periodic pattern of chemical bonds in the crystal is interrupted at the surface,
resulting in unsaturated bonds, which can rearrange (surface reconstruction). This results in a
change of both, the surface crystal structure and the allowed energies. The electronic surface

structure is not related with the bulk structure.

2.4.3.1 Energy States in Solution

When a semiconductor electrode is brought into contact with an electrolyte solution a spatial

separation of charges at the surface as well as a potential difference is established at the interface.
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Figure 2.17: Illustration of different protein (flesh colored sphere) immobilization strategies as presented
in (A) electrostatic, (B) hydrophobic and (C) polar forces as well as (D) combinations of mixed SAMs,
(E) covalent bonds or (F) coordinative binding strategies, such as examplified by protein affinity-tags,

which are used for high-performance liquid chromatography.

The conductivity of doped semiconductors is usually below that of an electrolyte solution, so
that the entire potential drop occurs in the boundary layer of the electrode denoted as the space
charge region and only to a minor extend on the solution side of the interface. This space
charge region has an associated electrical field. However, the energetic position of the band
edges at the surface of each material remains unaltered. The opposed behavior is observed for
metal electrodes-electrolyte interfaces (see section 2.4.1) (Schottky-like junction). While metals
exhibit a charge distribution within a range of 0.1 A, semiconductors distribute the charge over
a certain distance below the surface in nm scale. The electrochemical potential of the solution
is determined by the redox potential (chemical potential) of the electrolyte solution itself, and
the redox potential of the semiconductor determined by its Fermi-level. The electrochemical
potential fic redos is defined for solutions by the Nernst equation (eq. 2.41) and is equivalent
to a Fermi level of a redox system, EF redor , under the condition that the same reference level
is used for the solid electrode and the redox system, as first introduced by Gerischer.[172, 173]

Hence it is defined as
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The Gerischer model introduces a model for charge transfer processes at the semiconductor-
electrolyte interface. Following this model, band diagrams can be constructed to understand the
state of electronic surface states, fundamental for ET processes, vide infra.
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Figure 2.18: Energy level diagrams for semiconductor-electrolyte junctions. Schematic depiction of
band bending in equilibrium with the electrolyte for (A) a n-type semiconductor and (B) a p-type

semiconductor.

The energy schemes of an n-and p-type electrode prior and after contact with an aqueous solu-
tion of a redox system, at equilibrium are shown in Figure 2.18. For an n-type semiconductor
electrode at open circuit potential, the Fermi level is typically higher than the redox potential
of the electrolyte and hence electrons will be transferred from the electrode into the solution.
Therefore, a positive charge is associated with the space charge region, whikle is reflected in an
upward bending of the band edges (see Figure 2.18B). Since the majority charge carrier of the
semiconductor has been removed from this region, the space charge region is also referred as
depletion layer. For a p-type semiconductor, the Fermi layer is generally lower than the redox
potential of the solution . Thus, electrons must be transferred from the solution to the electrode
to obtain an equilibrium. This generates a negative charge in the space charge region, which
causes a downward bending in the band edges (see Figure 2.18C). Since the holes in this area
are removed by this process. This space charge region is again referred as depletion layer, but in

this case with a opposed charge distribution along semiconductor-electrolyte interface.

2.4.3.2 Electron Transfer Processes

The Fermi level concept is very useful for a quantitative description of reactions on semiconductor
electrodes, as described in section 2.4.3.1. Besides the Fermi level, also energy states for a a
redox system can be defined. Any variation of the electrode potential occurs across the space

charge layer which leads to an equivalent change of the band bending in the energy diagram
(A(eUE) = A(eAgpsc)).
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Figure 2.19: Energy diagram for a n-type semiconductor under conditions of (A) more negative poten-

tials, (B) potential equal and (C) more positive potentials compared to the flat band potential (position).

As observed for metallic electrodes, a change in the potential applied to the electrode shifts
the Fermi level. The band edges of the semiconductor also vary with the applied potential in
the same way as the Fermi level. However, the energies of the band edges at the interface still
remain unaffected even under applied potentials. Therefore, the magnitude and direction of band
bending varies with the applied potential. Three different conditions have to be considered and
are displayed for an n-type semiconductor. Figure 2.19A displays a depletion region, which arises
at potentials more positive than the semiconductor flat-band potential. The flat-band potential
can be considered equal to the potential of zero charge defined for metal/electrolyte interfaces.
For semiconductor/electrolyte barriers, the flat band potential lies at a certain potential, at
which the Fermi energy equals those of the solution redox potential (Figure 2.19B). As there is
no net transfer of charge, no band bending is observed. This potential is therefore referred to
as the flat-band potential, Efb. Potentials more negative than the flat-band potential provides
an excess of the majority charge carrier (electrons) in this space charge region denoted as an
accumulation region (Figure 2.19C). The different electronic surface states at the semiconductor

interface are presented in a potential ranges in Figure 2.20.
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Figure 2.20: Space charge region observed throughout a wide potential range, which can be divided in

three different regions with respect to the band bending trend.
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The here discussed energy diagram models can be also applied for enzymes adsorbed on metal
oxides to investigate the related enzyme-semiconductor interaction, which is discussed in this
thesis (section 6.2.7).

2.4.4 Heterogeneous Electron Transfer

In heterogeneous ET reactions, one of the reaction partners is replaced by an electrode. The

driving force of these heterogeneous reactions is given by the applied overpotential 7.

n=FE—E" (2.40)

E denotes the applied electrode potential and Eq represents the redox potential of the surface

ET reaction defined by the Nernst equation

kT re
E=p° "L ln<c d> (2.41)

ne Coz

Cred and cox denote the respective concentrations of the electrochemically active species while n

represents the number of transferred electrons per reaction formula.

2.4.5 Protein Film Electrochemistry (PFE)

To study electrochemical reactions in enzymatic redox systems protein film voltammetry (PFV)
is often applied. Upon adsorption of a protein monolayer, the electrode surface can serve as
redox-partner. The protein adsorption is commonly established either on a SAM-coated metal
electrodes or on pyrolytic graphite electrodes (PGE), which contains a rough, oxidized surface,
effective for electrostatic adsorptions. The electron transfer between metal electrode and ad-
sorbed enzyme occurs reversible, whereby the catalytic activity can be controlled by the applied
electrode potentials. In studies of catalytic electron transport, mainly two methods, the cyclic
voltammetry and the chronoamperometry, are used.[174] During cyclic voltammetry, the ponte-
tial is cycled between two defined values for each scan and the resulting currents are monitored.
In chronoamperometry, the current is monitored as a function of time after applying a fixed
potential value and injecting gases in the PFV cell. By scanning or stepping the electrode po-
tential, the rates and direction of electron flow can be changed and specific redox states of the
enzyme can be interconverted. In such way, also activation or inactivation processes can be also

induced. A typical PFV study on oxygen-tolerant hydrogenases is presented in Figure 2.21.
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Figure 2.21: (A) In protein film electrochemical experiments , the hydrogenase has to be immobilized on
the electrode with the distal [4Fe-4S] cluster facing the electrode surface to obtain direct electron transfer
(ET) between protein and electrode. As electrons are part of the catalytic reaction of hydrogenases, the
monitored electric current generated by the enzyme on the electrode in the presence of substrate allows
the direct determination of the turnover frequency of the enzyme as a function of the electrode potential.
(B) Cyclic voltammogram (CV) of a [FeFe| hydrogenase from Desulfovibrio desulfuricans covalently
attached to a pyrolytic graphite electrode (PGE) under Hy atmosphere, color-coding the ability for
hydrogen evolution (HER) (grey area), Ho oxidation (yellow area), and the anaerobic inactivation of
hydrogenase and its switch potential for reactivation (red area and red vertcal line, respectively). Panel

(B) is depicted from reference [1].

The voltammogram of hydrogenases can be divide in three distinct regions. At low potentials,
usually below thermodynamic potential of Ho/H™T the region of negative current corresponds
to HT reduction. The current trace cuts the zero-current line at the thermodynamic poten-
tial of the Hy/H™ couple, where the enzyme catalyzes both Hy oxidation and Hs production.
Above, two different regions of positive current can be distinguished, defined as active and in-
active/deactivated region. The hydrogenase deactivation occurs through strict redox control via
the electrode, leading to an anaerobic oxidation on the active site via formation of the reversible
inactive Ni, — B state, thereby the catalytic current starts to drop. Generally, this state can
be also formed upon Os addition. On the return scan, the electrocatalytic current recovers as
the enzyme reactivates at lower potentials. In the presence of hydrogen, the potential, at which
the activity returns is highly sensitive to the conditions of the experiment, and a characteristic
quantity, the so called switch potetnial (Fgyiten). It is defined as the potential of maximum
slope in the reductive activation direction, determined from a derivative plot. The Eqytcp varies
depending on pH and temperature. An higher switch potential is expected by decrease of pH

and/or increase of temperature [33].

The catalytic current recorded in the voltammetric trace corresponds to enzymatic activity. The
catalytic current i.q; can be directly correlated to the turnover rate (keq:) of the enzyme as

following:

leat = keat - NFAT (2.42)
where A, F' and I" define electrode surface area, Faraday’s constant and enzyme coverage density,
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respectively.

The bidirectional catalytic activity of [NiFe] hydrogenases can be clearly revealed in cyclic voltam-
metry experiments such as that shown in Fig. 2.21. Biased hydrogenases show a shift of onset
potential in the correponding to the direction of their bias. This observation shows that hydroge-
nases operate ‘reversibly’ and require only the smallest overpotential to work in either direction.
For the understanding of the catalytic bias of hydrogenases, two effects should be considered.
First, Hy can be a strong inhibitor as at it has been commonly found in [NiFe]-hydrogenases,
particulary in oxygen-tolerant species. [FeFe]-hydrogenases generally do not exhibit strong Hs
inhibitions, for which typical values of inhibitory constants (Kj;) are in the order of several mM
of Hy. Second, hydrogenases with high Michaelis constants (K,,) for Ha can show high activity
for Hy oxidation only at high partial pressure andare therefore not reflecting the extent of bias

towards HT reduction that would be observed under low Hs concentrations.

Generally, [FeFe|-hydrogenase have higher K, values than [NiFe]-hydrogenases, so that under
1bar Hy the current for Hy oxidation may be higher than the current for H* reduction as observed
for [FeFe]-hydrogenases from C. reinhardtii and D. desulfuricans.[175, 1, 176] Therefore, the
common statement that [FeFe]-hydrogenases are more active than [NiFe]-hydrogenase requires
qualification because of the effect may not reside only in turnover frequencies k¢.;, but also
refelcts the affinity with which Hs is captured from the environment. [NiFeSe]-hydrogenases
are generally are good Hy producers, which is also related to their weak product inhibition.
Cyanobacteria, which contain [NiFe]-hydrogenase were shown by protein film electrochemistry

to be proficient in Hy production.[177]

2.5 Microscopic Methods

In this work, microscopic methods such as Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM) were performed on metal oxide thin films and immobilized MBH on
SAM-coated Au, respectively. SEM was carried out on conductive electrode surfaces to char-
acterize their structure, morphology and thickness, while AFM was used for detection of the
distribution of a adsorbed protein molecules on the electrode surface, allowing also a determi-
nation of the protein coverage. The SEM images presented in this thesis were recorded by Dr.
Amandine Guiet/Fischer group, while AFM images were collected by Maximilian Zerball/von

Klitzing group. A brief introduction for both methods will be given in the following section.

2.5.1 Scanning Electron Microscope

SEM imaging is based on scanning a sample in a raster scan pattern with a focused electron beam.
In an ideal case, the incident electron beam is highly monochromatic and coherent. Based on
the electron-matter interaction various process are generated as summarized in Figure 2.22 (A).
Interesting for SEM are two particular phenomena which are discriminated as secondary electrons
(SE) and back-scattered electrons (BSE) (Figure 2.22).
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Figure 2.22: Schematic representation of phenomena on electron-matter interaction applying a high

voltage electron beam onto (A) a thin sample and (B) on atomic scale level.

BSE are related to an electron diffraction phenomena, an elastic scattering without any energy
loss. Since heavy elements backscatter electrons more strongly than light elements, they appear
brighter in the recorded image. Therefore, the detection of BSE is used to elucidate the contrast
of areas with differing chemical compositions. The condition for constructive interference can be

described by Bragg’s law

nA = 2d sin 6 (2.43)

where 0 is the scattering angle, A is the wavelength of incident wave and n is a positive integer.
For a crystalline solid, the waves are scattered from lattice planes separated by the interplanar
distance d. When the scattered waves interfere constructively, they remain in phase since the
path length of each wave is equal to an integer multiple of the wavelength. The path difference

between two waves undergoing constructive interference is given by 2d sin 6.

However, SE is the most common imaging mode, collecting low energy (< 50 eV) and originates
from the inelastic scattering due to interaction with the k-shell of the atom. The brightness of
the signal depends on the number of secondary electrons reaching the detector. In this regard,
the detection of beam position and reflected electrons provides information on the sample surface

topography as well as its composition, in the imaging contrast.

Generally, SEM can be used on materials with a certain conductivity. Due to the high-voltage
electron beam, the sample is locally excited, which can be equilibrated by dispersed throughout
the sample by fast re-combinations. The detection of non-conductive organic sample is challeng-
ing as the locally excited sample tends to overcharge without the ability of release, thus leading
to a noisy SEM image, which is difficult to analyze. A microscopic method for suitabke imaging

of non-conductive samples such as proteins is the often used Atomic Force Microscope.
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2.5.2 Atomic Force Microscope

In contrast to electron microscopy, atomic force micrscopy (AFM) does not use lenses or an
electron beam and is solely based on a mechanical tapping of the surface with an sharp peaked
tip, ideally with a tip apex consisting of one atom. With this, the surface can be scanned under
maintanance of a constant distance between probe-sample interaction. The distance remains
via a steadily controlled and measured force between sample and tip apex (see Figure 2.23A).
Tip and oscillating cantiliver are connected to a piezoelectric element, with which accurate and
precise movements resulting in small and highly defined steps can be controlled.[178, 179] The
topography of the sample surface achieved by raster scanning the position of the sample with
respect to the tip, thereby recording the height of the sample. Since the cantilever is displaced
caused by deflection, a laser beam reflected on the cantilever and recorded by a photodiode
detector can translate the detected, displaced laser beam in a topographic image. The surface

topography is commonly displayed as a pseudocolor plot.
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Figure 2.23: (A) Illustration of an Atomic Force Microscopy configuration using beam deflection detec-
tion for recording a topographic image and (B) force-distance plot of particle-particle interaction such

as surface-cantilever representing the commonly applied AFM contact and non-contact modes.

Commonly two operation modes are used for AFM, contact- and non-contact mode (see Figure
2.23B).[180] Contact mode is performed in a short-range interaction (A), measuring the repulsion
between tip and sample, thereby using a cantilever with low stiffness. This method results
in high resolutions, but the excessive tracking forces which are applied by the probe to the
sample can become a problem for non-rigid samples. On the other hand, non-contact mode
measures the attractive forces (van der Waals) between tip and sample with larger sample-tip
distances.[180] For these measurements a stiff cantilever is used under the application of high
amplitudes. However, non-contact mode exhibits slightly lower resolutions, and can not be
measured in fluid. Experimentally, the resolution of AFM is also depended on the size of the tip

apex, which in standard is often found to be around 5-10 nm.
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Chapter 3

Experimental Details
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3.1 Chemicals and Preparation Tools

The following chemicals listed in Table 3.1 were used for all experiments.

Chemical distributor
6-mercaptohexanoic acid (99.3%) Dojindo
6-amino-1-hexanethiol hydrochloride Dojindo
6-mercapto-1-hexanol Sigma Aldrich
1-mercaptohexane Sigma Aldrich
Ag/AgCl DriRef (reference electrode) World Precision Instruments, Inc.
Alumina oxide slurries (1-5 pum) Pieplow & Brandt GmbH
Ammonium chloride (NH4C1) Sigma Aldrich
Ammonium fluoride (NH4F) Sigma Aldrich
Antimony (III) acetate Sigma Aldrich
Anhydrous benzyl alcohol Sigma Aldrich
Cytochrome ¢ (wild type horse heart) Sigma Aldrich
D20 (99.9 atom % D) Sigma Aldrich
Ethanol (LiChrosolv, purity > 99.9%) Merck
Hydrofluoric acid (HF) Fluka
Hydrochloric acid (HCI) Merck
Imidazole Sigma Aldrich
ITO coated glass slides (8-12 Q/square) Sigma Aldrich
KCl1 Sigma Aldrich
KoHPO, (> 99%) Merck
KHsPOy4 (> 99%) Merck
Methylene blue hydrate Sigma Aldrich
Pluronic F127 Sigma Aldrich
Sodium sulfite (NagSOs3) Merck

Sodium tetrachloroaurate (NaAuCly-2 H2O)  Sigma Aldrich
Sodium tetrachloroaurate (NaAuCly-2 HoO)  Sigma Aldrich
Tris(hydroxymethyl)aminomethane (Tris) Serva Electrophoresis GmbH

Table 3.1: Chemicals and substrate used in this work. All solutions were prepared using MilliQ)
water (> 18 M cm).

3.1.1 Buffer solutions

Strep- and his-tagged MBH samples were in diluted 10 mM potassium phosphate buffer solutions
(PBS), prepared by mixing adequate volumes of 10 mM Ky;HPO,4 and 10 mM KH>PO equivalents
to obtain PBS solutions at pH 7.0 and pH 5.5.

Cytochrome ¢ and his-tagged Cytochrome ¢ samples were immobilized in 5 mM Tris-buffer at
pH 7.5. The pH-values were adjusted by addition of HCl. All pH adjustments were controlled
by a pH meter.
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3.1.2 D,O-buffer

For H-D exchange experiments, 10 mM KsHPOyand 10 mM KH3;PO, solutions were prepared-
solved in D2O. A pD of 5.5 was adjusted by adding slowly KoHPO4 — D20 to the KH2POy4
— D20 solution under pH control to obtain a D2O phosphate buffer solution (PBS-D20O). For
measurements in D20, the pD was estimated according to pH meter reading and the addition of
a value of 0.4.[181]

3.2 Protein Purification

3.2.1 Membrane-Bound Hydrogenase from Ralstonia eutropha

was cultured and the MBH heterodimer (HoxGK) was purified via a strep-tag II, which was
attached by genetic engineering to the small subunit of the MBH (HoxK). The growth conditions
and the purification are described in detail in Goris et al. [58]. The samples were purified by Dr.
Stefan Frielingsdorf/ Lenz group as described previously.[182] The purified MBH heterodimer
samples were buffered in 50 mM KPO, buffer at pH5.5 containing 150mM NaCl and stored in
liquid Ns.

The heterodimeric his-tagged MBH was prepared by Janna Schoknecht/Lenz group as reported
previously.[67] The purified samples in solution were buffered in 50 mM K-POy, buffer at pH 5,5,
including 150 mM NaCl, 20 % glycerol and stored in liquid Na.

3.2.2 Cytochrome C

Wild type horse heart Cytochrome ¢ (cyt c¢) was purchased from Sigma Aldrich and purified by
Ton-Exchange Chromatography (IEC) on a mono-S-column (GE Healthcare).

His-cyt ¢ was obtained using a technique described by Pollock et al..[183] We used a system with
codon optimized DNA for horse-cyt ¢ and yeast Cytochrome c¢ heme lyase, inserted in Plasmid
pQE12 and harboured in Xl1-blue E.coli. cyt c is equipped with a N-terminal his-tag, followed
by a TEV cut site,[184] showing the start sequence: MGSSHHHHHHSSG-ENLYFQ-cyt c. After
expression cells were lysed by french press. His-cyt ¢ was purified by affinity chromatography on
Ni?+t-NTA-Agarose column.
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3.3 Instrumentation

3.3.1 UV-Vis measurements

UV-Vis spectroscopy was performed in the transmission mode on protein solutions. Furthermore,
UV-Vis studies in reflection mode were carried out on metal oxide coatings. These data were

recorded in a (chemie/Lensen) spectrometer at room temperature.

3.3.2 FTIR — Transmission studies

The sample compartments of the IR-spectrometer(s) were purged with N or dry air during
all measurements. Before each measurement all devices were equilibrated for several hours to
obtain a stable atmosphere and temperature. The detectors were cooled with liquid nitrogen at
least 30 min before starting the measurement. Spectra acquisition was accomplished by using
the OPUS 5.5 software from Bruker. For all transmission measurements of buffered protein
samples, a Bruker Tensor 27 spectrometer was used, equipped with a globar infrared source,
a ROCKSOLID interferometer and a liquid nitrogen cooled photoconductive detector. The
liquid sample cell was temperature-controlled (at 10°C), gas-tight, and equipped with CaFs
windows. It provided a volume of approximately 7 pL. and an optical path length of 50 pm. The
temperature was stabilized by peltier-elements and cooled by a thermostat/cryostat device. The
spectral resolution for the measurements was 2 cm™.Typically 200 scans were accumulated for

each spectrum which was evaluated using the OPUS 5.5 software.

3.3.3 Spectro-electrochemical set-up configurations

For the spectroscopic studies a Bruker IFS 66v/S and a Bruker Tensor 27 spectrometer, equipped
with an ATR set-up (Kretschmann configuration), a liquid Ng-cooled MCT detector (HgCdTe)
and a globar IR radiation source were used. In case of the IFS 66v/S spectrometer the globar
and Michelson Interferometer as well as the photoconductive MCT-detector were operated under
vacuum. The sample chamber was purged continuously with nitrogen gas for all hydrogenase
related experiments. For the ATR measurements, a trapezoidal Si crystal (Lx W x H = 25
mm x 20 mm x 10 mm) was used under an angle of incidence of 60° with an aperture setting
of 3 mm. Spectra were acquired in the spectral region between 4000 and 1000 cm™ with a

1. Each spectrum is in total composed of 400 scans, requiring an

spectral resolution of 4 cm™
accumulation time of 3 min. To perform Surface Enhanced IR Absorption (SEIRA) experiments,
the Attenuated Total Reflection (ATR) prism was coated with a nanostructured Au film. Metal
oxide coatings deposited on the Si-prism (see synthesis details in the following section 3.3.3.2)
were used for spectro-electrochemical ATR experiments as depicted in Figure 3.1. SEIRA and

ATR spectra were evaluated using the OPUS 5.5 software.

3.3.3.1 Spectro-electrochemical cell

Depending on its coverage (Au or metal oxide thin film), the Si-prism was implemented either
in a homemade SEIRA and / or ATR cell, respectively, as depicted in Figure 3.1. Spectro-
electrochemical experiments were performed using a three-electrode configuration with a gold
plate contacted Au film or metal oxide film as working electrode (for SEIRA or ATR experiments,
respectively), a platinum mesh as counter electrode and a DriRef Ag/AgCl (3 M KCl) as reference
electrode (4+0.21 V vs SHE and -0.0591V * pH vs RHE). All potentials cited in this work refer
to the SHE electrode.
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Figure 3.1: Schematic representation of the spectro-electrochemical cell in (A) SEIRA/ATR mode with
a nanostructured Au coating as surface enhancing IR signal amplifier and working electrode and in (B)
ATR mode with transparent, conductive metal oxide thin film adsorption layer and transparent working

electrode for in situ spectro-electrochemical characterization of immobilized enzymes.

Electrochemical set up

Pure electrochemical measurements were performed either on Au pen electrodes or on metal
oxide thin film electrodes coated on commercial ITO glass slides. The metal oxide thin film
electrodes were contacted using a cupper tape. Note: The cupper tape must be adjusted in such

a way that it does not get in contact with the electrolyte.

3.3.3.2 Gold thin film for SEIRA
Chemical (electroless) deposition of nanostructured gold film for SEIRA

A nanostructured gold film was obtained by electroless (or chemical) deposition of HAuCly.[185]
Therefore, the reflecting plane of the silicon prism was polished by finer grade alumina oxide
slurries with a particle size between 1-5 pm and rinsed with Milli-Q water (< 18 MQ cm).
The surface was covered with a solution of 40 m% NHyF for 2 min in order to remove the
oxide layer on the Si surface and to terminate it with hydrogen. The prism was rinsed and
placed in a water bath at 65 "C and the plain side was covered by drop-casting the Au plaiting
solution, which consists of 240 pL of 2 vol% aqueous HF-solution , 240 pL of aqueous 0.03 M
NaAuCly -solution, and 240 pL of aqueous reduction solution containing 0.3M NaSO3 + 0.1
NagS203 -5 H0O +0.1M NH4Cl. The gold deposition on the Si surface is accomplished via the
reduction of the gold precursor and the simultaneous oxidation of the Si surface, according to

the following reactions.

Si%(s) +6F " (aq) — SiFy (aq) + 4e™

AuCly (aq) + 3¢~ — Au’(s) +4CI~

The reaction was stopped after 1 min by rinsing the prism with Milli-Q water.
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Electrochemical cleaning of nanostructured gold film

Prior to the actual measurements, the Au surface was cleaned electrochemically in the SEIRA
cell , as shown in Figure 3.2 by repeating potential scans between 0.0 and 1.4 V in 0.1 M H3504
as electrolyte. The cell was rinsed several times with Milli-Q water before the immobilization
procedure. The electrochemical cell containsa gold plate which is contact with the gold film and
defines the working electrode, a platinum mesh is used as the counter electrode gauged by a
Ag/AgCl (3 M KCl) reference electrode (+0.21 V vs SHE). During the cleaning process, the cell

was purged with Argon. The voltammetric cycles were repeated.

Immediately after the chemical deposition, the Au surface was cleaned electrochemically. Six
subsequent cyclic voltammograms displaying Au oxidation and reduction peaks were recorded
with a scan rate of 50 mV s™! between 0.1 V and 1.4 V vs Ag/AgCl (0.21 and 1.61 V vs SHE) in
0.1M H2SOy4. The electrolyte was purged with Ar to remove all Oy residues. The last cycle was
used to determine the real area of the Au electrode via the Au-oxide reduction charge density
method.[186, 187] A real area of ca. 1.65 cm? (geometric area of 0.79 cm? corrected by the
roughness factor of 2.1) was determined for each deposited Au film. The cell was rinsed several

times with Milli-Q water before the immobilization procedures were started.
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Figure 3.2: Electrochemical cleaning of the nanostructured Au electrode with cyclic voltammetry in
0.1 M H2SO4. The real area of the Au electrode is obtained from the Au-oxide reduction charge by

calculating the area under the reduction peak at E;cqa = 917 mV (grey area).

Example calculation of the real Au surface of a SEIRA Au electrode:

The geometrical area of the exposed Au surface to the electrolyte of the SEIRA cell is Ageo =

0.79 cm? . The charge transferred for the reduction of an ideal planar (111) Au surface with
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a roughness factor Ry = 1 is reported in [187] and accounts for Qy;x = 400 C/cm?®. The charge
transferred for the considered Au SEIRA electrode in Figure 2 is Qexp= 664 C. In the following

a calculation for the determination of the real surface area of Au (Aeal) is exemplified:

(1) Q(Rf:l) = Qlit : Ageo = Q(szl) = 316C
— _Qexp _

(2) Ry = 550 = Ry =21

(3) ATeal = Ageo . Rf = Areal =1.66 cm2

3.3.3.3 Metal oxide thin film for FTIR-ATR

The synthesis of indium(I) tin(II) tris-tert-butoxide (ITBO, InSn(OtBu)s) was carried out by
Dr. Amandine Guiet (Fischer group). All experiments and manipulations were carried out under
dry, oxygen-free nitrogen atmosphere by using standard Schlenk techniques or in a MBraun glove
box purged with dry and oxygen free nitrogen (<1 ppm H20 and <1 ppm Oz). Anhydrous
solvents were used for all synthesis. The single source heterobimetallic In(O¢Bu)3Sn precursor
was synthesized as previously reported.[143, 145] The obtained precursor was characterized by
1H-NMR (CgDg, 200.13 MHz, § = 1.36 ppm [1s, 27 H, OC(CHs)s]) and 119Sn-NMR (CgDsg
,149.21 MHz, 6 = — 78 ppm).

Before coating, the surface of the Si-prism was cleaned by polishing the Si surface with fine
grade alumina oxide slurry with a particle size ranging from 1 to 5 nm followed by subsequent
ultra-sonication in EtOH and water. Planar ITO7g thin films were prepared according to a
modified procedure of the procedure reported by Aksu and coworkers.[143] In a dry, oxygen-free
nitrogen glovebox, solid InSn(OtBu)s (ITBO) was dissolved at room temperature in anhydrous
toluene (200 mg mL') and stirred for 10 min. 10 uL of the as-obtained colorless solution were
then immediately dropped onto an ATR Si-prism, (mounted on a spin-coater) and constantly
and slowly spread over the complete top surface of the prism. Note: This procedure is necessary
as the ITBO precursor dissolved in toluene is highly hydrophobic and does not tend naturally to
homogenously wet the Si surface. After 2-3 minutes a “gel-like” viscous solution was obtained
on the prism surface. The prism was then spinned at 6000 rpm for 30 s. After drying, additional
10pL of the precursor solution were drop-cast / spin-coated in the same manner as just described.
This step-wise procedure lead to very thin (thickness = 40 nm) and homogenous, grey-colored
thin films. The as-obtained layers remained for 30 min of drying inside the glove box, slowly
turning to grey. After drying, the films were taken out of the glovebox and calcined first under
air (400 °C - 2h, heating rate = 5 °C min™!) and second under reducing atmosphere (300 °C - 90
min, 10 % Ha, 90 % Na, 20 °C min™?).

Planar antimony-doped tin oxide thin films (ATO) were produced by Dr. Anabel Molero (Fischer
group). ATO nanoparticles with a doping level of 8 mol% of Sb (Sb(8%):Sn03) were synthesized

as reported previously[157] via evaporation-induced self-assembly (EISA) of preformed crystalline
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ATO nanoparticle sols (ATO NP). For the deposition of the planar ATO thin film on the Si-
Prism, 10 mg of ATO NPs were suspended in 0.9 ml of THF. To solubilize the NPs, 30 nl of HCI
(37% w/w) were added. To improve the film adherence to the Si-prism a small amount of F127
(0.1 mg) dissolved in 0.05 ml of THF was added. The solution was stirred at room temperature
for 2 h. 50 pl of the transparent solution were then drop-cast on the Si-prism covering the
complete area of substrate, and immediately spin-coated with a customized adapted spin-coater.
Subsequently, all films were aged for minimum 6h at 100 °C, followed by calcination at 450 °C for
30 min (heating ramp = 0.6 °C min™'). After implementing the Si-prism into the ATR set-up,
the films were rinsed with EtOH, MilliQ-water, and the buffer used in the respective experiment.

Finally the prism surface was dried under Ns.

3.4 Protein Sample Preparation

3.4.1 Formation of Self-Assembled Monolayer (SAM) on gold elec-

trodes

Au electrodes were immersed for 8 to 12 h in solutions of « -substituted mercaptanes to form self-
assembled monolayers (SAM) on the electrode surface. 1 mM of each CgNHs, C5COOH - , C¢OH
-, C5CHs- SAM were dissolved in ethanol. Two-component SAMs consisting of C¢NHy/CsOH
and C5sCOOH/CgOH were obtained by mixing the respective SAMs in a volume ratio of 1:9
(ImL of C¢NH; or C5COOH and 9 mL of CgOH).

3.4.2 Immobilization conditions of the MBH heterodimer

Immobilization of the strep-tagged MBH heterodimer (HoxGK) on SEIRA Au electrodes was
accomplished by incubating the SAM-coated Au electrodes in the SEIRA cell with a 1 yM
solution of strep-tagged MBH prepared in 10 mM potassium phosphate buffer (PBS). The MBH
remains stable in a pH range between pH 7 and pH 5.5. Therefore, only these two pH values were
chosen for immobilization studies. For all spectro-electrochemical experiments, both the SEIRA
and the ATR-cell, the immobilization was performed under atmospheric conditions and under
temperature control at 4 °C. For all electrochemical experiments using the gold pen electrodes,

the electrodes were cooled on dry ice during the immobilization.

(1) SAM-covered Au electrodes:

e CgNH;, CeNH;/CgOH, C5CH3- SAM: 10mM PBS at pH 7 was chosen for immobilization
of strep-tagged MBH at 4 °C/ice.

e C5COOH - and C5;COOH/C¢OH - SAMs: 10mM PBS at pH5.5 was used for immobilization
of strep-tagged MBH at 4 °C/ice.
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(2) ITOrgr-films electrodes:

e 10mM PBS at pH 7 or pH 5.5 was used for immobilization of strep- and his-tagged MBH
at 4 °C/ice.

10 mM potassium phosphate buffer at pH 5.5 was chosen as electrolyte solution for the MBH
studies as the highest Hy oxidation activity is reported at this pH [5, 17]. For the electrochemical
analysis, the temperature was increased as the catalytic activity of enzyme increases. The tem-
perature in the SEIRA-cell was set to 25°C, using a thermostat from Thermo Fisher Scientific.
For the investigations performed on Au-Pen electrodes the measurements were carried out at

room temperature.

3.4.3 Immobilization of cytochrome c

Cyt ¢ and his-cyt ¢ were immobilize on ITOpr- and ATO thin films. For protein adsorption on
the planar ATO slides were incubated for 2 h with a buffered 7 pnM cytc or his-cyt ¢ solution
at room temperature. The protein solution was then exchanged several times by pure buffer to
remove non-bound protein species. If not stated else wise 5 mM Tris-buffer at pH 7.5 was used
for these experiments. All electrochemical experiments, if not stated otherwise, were conducted

using 120 mM Tris-buffer at pH 7.5 and at room temperature.

3.4.4 Mediator experiments

Determination of mediated electron transfer was performed by the addition of methylene blue
(MB) to the electrolyte to reach a final mediator concentration of 10 pM. MB was chosen as me-
diator as its redox couple potential overlays with the potential range in which the Hs oxidation
efficiency of the MBH is maximal, therefore ensuring by its oxidation-reduction via MBH ab-
stracted / MBH delivered electrons proper electron transfer between non-electro-contacted MBH
and the electrode. 10 ptM was chosen as optimum MB concentration, as any further increase
of the MB concentration did not further increase the mediated catalytic currents. In addition,
higher mediator concentrations interfere with the catalytic signal of MBH impeding proper data

evaluation due to the appearance of the redox transitions of MB in the CV.

3.4.5 H-D exchange

For H-D exchange experiments, a 10 mM PBS-D>O solution at pH 5.5 was purged and saturated
with Ar or Hs in a gas-tight electrochemical glass cell. Afterwards, chronoamperometry for 1h
at different reductive potentials ranging from -0.19 V to -0.44 V (vs SHE) were applied for his-
tagged covered ITO-glass slides. Subsequently a volume of 2 ml from the sample solution was
subjected to MS analysis. Thereby, the corresponding solution was continuously stirred at room
temperature with a magnetic bar rotating at 1,250 rpm. For a correction of the gas consumption
by the mass spectrometer (first-order function of the gas partial pressure), control measurements
were carried out without his-tag bound MBH. Data collection was accomplished with the software

package Quadstar 32-bit, and further processing was carried out using SigmaPlot 10.
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3.4.6 Desorption studies

The stability of the adsorbed protein on Au-SAM and metal oxide surfaces was investigated by
desorption experiments. These involve repetitive washing of the enzyme-covered electrodes either
with 3 M KCI or 750 mM imidazole dissolved in 10 mM PBS at pH 5.5 to release protein species
bound to the electrode surface via electrostatic interactions or his-tagged mediated complexation,

respectively.

3.4.7 Electrochemistry

Spectroscopic and electrochemical measurements of metal oxide thin films

Electrochemical characterizations were conducted using a pAutolab III and an Autolab PG-
Stat12 potentiostats from Metrohm controlled with the General Purpose Electrochemical Sys-
tem (GPES) software (version 4.9) or with a CH Instruments potentiostat. The potentiostats

are specified with current ranges down to 10 nA and even down to sub pA range for the latter.

The electrolyte solutions used for the electrochemical and/or spectro-electrochemical experiments
were adjusted to the pH value, where the highest protein stability or activity was reported. In
none of the experiments detergent has been added. The electrochemical measurements were
performed at 25 °C. Current densities j [nA cm™] are reported with respect to the geometric
surface area of the electrode. ITOrg can be approximated to a perfect planar surface with a
roughness factor of Ry = 1, as its intrinsic surface nano-roughness in the range of 2 nm can be
neglected compared to proteins of 5-9 nm in size. All experiments were performed under Ar or
Hs gas atmosphere (high-purity grade 5.0, with implemented Oxygen filters from Agilent). 10
mM potassium phosphate solutions at pH 5.5, pH 7.0 and 10 mM Tris-buffer at pH 7.5 were
used as electrolyte solutions. The temperature for Protein Film Voltammetry (PFV) was set to
25°C by using a thermostat from Thermo Fisher Scientific. All experiments were reproduced at

least 3 times. Spectroscopic parameters were set as reported above.

3.5 Surface Characterization

3.5.1 Conductivity Measurements

Conductivity measurements were performed by 4-point probe measurements at room temperature
with a resistivity meter Loresra-GP model MCP-T610, PSP 1.5 mm from Mitsubishi Chemical
Analytech. The specific resistivity (© cm) of the films was calculated by multiplying the sheet
resistance (/L) by the film thickness. For these investigations, the ITOrg thin film was
deposited onto the non-conductive, undoped (ATR) Si-prism and each film was measured at

three different points and the average value calculated.
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3.5.2 SEM

Scanning Electron Microscopy (SEM) was performed by Dr. Amandine Guiet (/ Fischer group)
using a JEOL 7401F electron microscope equipped with an inlens secondary electron detector
or at the ZELMI/ TU Berlin with a Hitachi SU8030. For these measurements, films were either
prepared on Si (ATR) prisms, Si wafers or ITO coated glasses.

3.5.3 AFM

AFM micrographs were recorded on a commercial Cypher AFM instrument (Asylum Research,
Santa Barbara USA) by Maximilian Zerball (Klitzing group). The topographic imaging was
performed in non-contact-mode with a standard tip size of 7 nm in diameter, purchased from
Olympus. The z-axis profile reveals the lateral information rather than the height information
due to tip size induced height limitations. Au coated silicon wafers for AFM measurements were

purchased from Sigma Aldrich.

3.5.4 Ellipsometry

Ellipsometry has been applied to determine the thickness of the protein layer adsorbed on the
gold electrodes surface, in particular gold electrodes coated with an amino-terminated SAM.
The ellipsometric measurements were performed with a PCSA (polarizer-compensator-sample-
analyzer) ellipsometer from Optrel GbR (Sinzing, Germany). The experiments were carried out
at a constant wavelength of 632.8 nm and a fixed angle of incidence of 70° (near the Brewster
angle of the Si/air interface). The layer thickness was calculated with the software ” Ellipsometry:
simulation and data evaluation” (Optrel, v. 3.1). For the protein a one-box model was assumed,
in which the continuum media were air (n=1.000) and gold (n=0,144; k=3,178). The refractive
index and the absorption constant of gold were determined by measuring 5 different spots on the

bare gold surface. With respect to its small thickness, the SAM layer was neglected.

3.5.5 Mass spectrometer

H-D exchange measurements were carried out as described in [188] in a setup consisting of
a modified Hansatech DW2/2 Liquid-Phase Oxygen Electrode Chamber (Hansatech, United
Kingdom) which was connected to the vacuum line of a gas analysis quadrupole mass spectrom-
eter (Omnistar GSD 301; Pfeiffer Vacuum, Germany). The vacuum line connected to the mass
spectrometer was heated to 160 °C to prevent water condensation, the detector type was set to
channeltron, the secondary electron multiplier voltage was set to 980 V, and the dwell was set
to 50 ms. m/z 2, 3 and 4 were recorded revealing the detection of Ho, HD and Do, respectively.
Additionally, m/z 18 and 28 corresponding to HoO and N, respectively, were recorded as control

parameters.

3.6 Spectra Calculation and Data Processing

Spectra calculation and data processing were performed by using the Bruker OPUS software 4.2,

5.5 and 6.5. The absorbance spectra were calculated according to
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SA = _lgSS_C

rsc
where A corresponds to the absorbance and sgc and rgg to the respective single channel spec-
trum of the sample and reference, respectively. In order to obtain a higher signal to noise (S/N)
ratio, n sample- and n reference single channel spectra were averaged and used as background
spectra. For purified enzyme fractions, a salt/buffer-solution was recorded as reference. Positive
bands are related to increasing amounts of certain species, whereas negative bands describe the
corresponding decrease of species. The spectra calculation was carried out along with an atmo-
spheric compensation of HoO and CO2 (OPUS software algorithm) in order to avoid significant
contributions of the respective absorptions. Further data analysis for baseline corrections and
visualization were performed by using the Win-IR-Bio-Rad, Bruker OPUS 5.5, and Origin 9.1

software.
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Chapter 4

Spectro-electrochemical studies
on Membrane-Bound [NiFe]
Hydrogenase of Ralstonia
eutropha on biocompatible gold

electrodes
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4.1 Introduction

4.1.1 Heterogeneous Catalysis

Enzymes can be used as efficient electrocatalysts of redox reactions when attached to a con-
ductive surface (electrode). Despite their large size and electronical insulation through most
of their bulk, enzymes can catalyze selectively electrochemical reactions at useful kinetic rates
and at low overpotentials. Therefore, enzymes are promising candidates for biological fuel cells:
they perform (bio)catalysis under mild operating conditions such as ambient temperature and
near-neutral pH. Further advantages are their low costs, renewability, and biodegradability. An
enzymatic biofuel cell is defined by at least one half reaction taking place by the reaction of
the redox enzyme, commonly the Hs oxidation at the anode. The first biofuel cell was reported
in 1964 by Yahiro et al. [189] and even though this field has been developed since then, there
is still scope for improvement. Especially, with the growing awareness of the sustainable en-
ergy problem, biofuel cells gained a great attention in the last decade. Fundamental research
on mechanistic aspects of hydrogen oxidation by hydrogenases have been carried out for more
than 20 years [12, 190, 191, 174, 192, 33]. However, their application in Hy /O3 biofuel cells only
recently emerging is in particular because of the high sensitivity to Os of many known hydroge-
nases. By the identification of Oz-tolerant hydrogenases [59, 58, 193, 194], the limitation in their
application could be lately overcome. Armstrong’s group accomplished the proof of concept of
a Hy/O2 biofuel cell using Os-tolerant [NiFe] hydrogenases for the hydrogen oxidation reaction
and copper enzymes (laccase or bilirubin oxidase (BOD)) to reduce oxygen.[195, 196, 197]

4.1.2 Enzyme Adsorption

Immobilization of enzymes on the electrode must be sufficiently strong to facilitate the electron
transfer, but still suitable to not cause denaturation. Additionally, the enzyme must be prop-
erly oriented with respect to the electrode surface in such way that the redox center is located
within an acceptable distance for the electron transfer to occur.[198, 199] In an optimal way,
the electrode surface should be designed to resemble the surface characteristics of its native
environment, e.g. regarding surface charge distribution or hydrophilic/hydrophobic properties,
which facilitates an efficient interaction between enzyme and electrode surface without major
conformational changes.[200] Among different enzyme immobilization strategies (see chapter 2),
self-assembled monolayers (SAMs) on metal electrodes offer an attractive approach for enzymes
with given distinct surface groups, which makes them suitable for chemisorption directed to-
wards defined orientations. Despite the large record existing on enzyme-based electrochemistry,
the fabrication of bio-catalytically modified electrodes with enzymes is still in early stages, par-
ticularly due to so far limited enzyme stability and power output. Since the early studies of
direct enzyme coupling on pyrolytic graphite electrodes,[33] researchers have made substantial
progress in designing biocompatible surfaces to study different hydrogenases, ranging from self-
assembled monolayers (SAMs) [67, 62, 64] to protein-tethered lipid bilayer [168, 107] or polymeric
scaffolds [201]. Previous work on standard hydrogenases on Au-SAM electrodes demonstrated
that the ratio of direct electron transfer (DET) or mediated electron transfer (MET) processes
for Hy oxidation by a soluble, Og-sensitive [NiFe] hydrogenase from Desulfovibrio species could
be controlled by electrostatic interactions.[62, 202] The presence of a defined acidic patch of
amino acids, coupled to a strong dipole moment, pointing towards the distal Fe-S cluster allowed

an optimal enzyme orientation onto positively charged surfaces. This immobilization strategy
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enables direct electron transfer between enzyme and surface. In contrast to standard hydroge-
nases, recent studies on a more relevant hydrogenase, oxygen-tolerant Aa MBH, could not obtain
any specific orientation by electrostatic interaction on a variety of Au-SAM electrodes, and thus
control of the electron-transfer process was not possible. An alternative important example of
oxygen-tolerant hydrogenases is known by the membrane-bound [NiFe] Hydrogenase (MBH) of
Ralstonia eutropha (Re), which in the last years was studied mechanistically via spectroscopy
by the group of Hildebrandt [5, 203, 76, 204, 58] and electrochemically on graphite electrodes
by Armstrong/Vincent’s group [17, 205] In order to elucidate oxygen-tolerant Re MBH inter-
action on surfaces, the following chapter combines Surface-Enhanced IR Absorption (SEIRA)
spectroscopy, Atomic Force Microscopy (AFM), Protein Film Voltammetry (PFV), and Molec-
ular Dynamic (MD) simulations. Thereby, comprehensive insights into a bio-electronic hybrid
system established on Re MBH could be provided. Re MBH was immobilized on SAM-modified
Au electrodes, involving various natures of the functional end groups of the thiol derivate. The
presented multidisciplinary approach is shown to successfully identify parameters that control
enzyme adsorption and orientation on electrodes, thus ensuring structural integrity and highest

catalytic efficiency.

4.1.3 Membrane-Bound [NiFe] Hydrogenase of Ralstonia eutropha

The oxygen tolerant membrane-bound [NiFe| hydrogenase (MBH) of Ralstonia eutropha (Re) is
an outstanding example of an enzymatic catalyst with a potential for biofuel cell applications. At
its bimetallic active site hydrogen is split into protons and electrons. Via the three Fe-S cluster
relay, these electrons can be transferred towards the enzyme surface to an attached natural
redox partner (cytochrome b). Alternatively, they can be also shuttled to the electrode, if the
distance between distal Fe-S cluster and the electrode is less than 15-20 A, which allows electron
tunneling.[206, 207]

Naturally, the Re MBH is a heterotrimeric species, which consists of two subunits and one
cytochrome b unit. Purifications of Re MBH as a heterodimeric protein detached from cyt b is
achieved by means of affinity tags such as strep- or polyhistidine- (his-) tag systems, henceforth
specified as strep-MBH and his-MBH. As illustrated in Figure 4.1B, the heterodimeric MBH
relies on the large subunit (HoxG), harboring the [NiFe] active site, and a small subunit (HoxK),
which contains the corresponding electron transfer chain. This electron relay consists of one
[4Fe4S], one [3Fe4S], and an unusual proximal [4Fe3S] cluster, the latter of which is crucial for
the oxygen-tolerance of the enzyme.[208, 209, 34] The Ni and Fe ions of the bimetallic catalytic
center are coordinated by four cysteine residues. In addition, one CO and two CN™ ligands
are bound to the Fe.[210] The C-terminal o-helical transmembrane extension of HoxK is not
illustrated in Fig. 4.1B, but is essential for both, anchoring the hydrogenase to the membrane
and a tight connection to cytochrome b.[60, 51] The isoelectric point (pI) of MBH can be assumed
of a value around 7.32, which was calculated with the propka method by Dr. Tillmann Utesch.
The lack of a distinct acidic patch of amino acids at the enzyme surface in the vicinity of the
distal Fe-S cluster, accompanied by a comparable weak dipole moment, which is tilted relatively
to the ET chain axis (see Fig. 4.1B),
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Standard Hydrogenase Oxygen-Tolerant Hydrogenase:
Desulfovibriovulgaris Membrane-Bound-Hydrogenase

Figure 4.1: Structure and dipole moment of (A) a standard [NiFe] hydrogenase from Desulfovibrio
vulgaris (illustration reprinted from reference [211]); and (B) the MBH of Ralstonia euthropha.

prevents a simple estimation of an optimal orientation of the enzyme for electron transfer from
distal Fe-S cluster towards the electrochemical interface.[62] In the case of DET from enzyme
to the surface, access to thermodynamic and kinetic information of enzymatic reactions can
be provided. Whereas mediated electron transfer (MET) allows an electron transfer process
of unfavorably oriented enzymes with the distal Fe-S cluster too far away for direct electron
tunneling towards the electrode. Mediators are redox couples, which assist as electron acceptors
and donors, shuttling electrons via a two-step electron reaction process between the terminal

Fe-S cluster and the electrode surface via a diffusional path.

A controlled immobilization of redox enzymes on electrode surfaces, which would result prefer-
entially in DET, emerged as an attractive goal in bioelectrochemical research for fundamental
studies of enzymatic catalysis as well as biotechnological applications. To achieve this, a good
structural knowledge of the investigated redox enzymes and the development of efficient methods

regarding electrode derivatization are required.

Previously, electrochemical and/or SEIRA studies of adsorbed Os-sensitive, so-called standard
[NiFe] hydrogenases on electrodes were carried out for different organisms as like those of Desul-
fovibrio wvulgaris Miyazaki F (DvMF) [62], Desulfovibrio gigas (Dg) [208], Desulfovibrio fruc-
tosovorans (Df) [202] as well as Oz-tolerant membrane-bound hydrogenase of Aquifex aeolicus
(Aa MBH).[64] For the Desulfovibrio Os-sensitive hydrogenases dipole moments are calculated,
resulting in similar magnitudes from 1050 to 1200 Debye [208, 209]. Due to the strong dipole mo-
ment along the axes of the Fe-S relay and their specific negative binding patch close to the distal
Fe-S cluster, these enzymes exhibit a strong attraction to positively charged surfaces enabling
high electrocatalytic efficiencies. This selective binding, however, could not be achieved with Aa
MBH ascribed to a lower dipole moment of 1000 D [211]Jon Au-SAM systems, instead showing
high contributions of MET processes. Alike Aa MBH, the Re heterodimer MBH is characterized
by a weaker dipole moment (Figure 4.1) (680 D) and exhibits only a slightly negatively charged
surface patch in the vicinity of the distal Fe-S cluster. These two aspects preclude an intuitive
prediction of a preferential electrostatically determined binding orientation. This challenges the
rational choice of optimal surface functionalities and charges for an adsorption leading to one

favored orientation suitable for DET. The specific alignment is crucial for the bio-catalyst on the
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electrode, as it controls the rate of the electron transfer. The key to the reliable function and
quantification of the output data is the ability of the electrodes to immobilize sufficient amounts
of redox enzymes in electro-active orientations. Therefore, a systematic variation of determining
parameters which control the heterogeneous ET is essential; such as the ET distance, driving
force, charge distribution in the SAM-protein interface, ionic strength, pH in the bulk solution
and immobilization temperature are required for the formations of an optimal surface. Some of
the most relevant aspects are varied within this work to aim towards finding optimized surface
properties for MBH immobiliztion.

Besides its buried active site and its interconnecting electron relay, strep-MBH carries also an
isolated, and highly flexible transmembrane o-helix at the C-terminus with the extension of
strep-tag II, which may interfere within the surface binding process. The catalytic efficiencies
depend strongly on the turnover number, which is based on the amount of adsorbed catalyst
as well as the interfacial electron transfer from the catalyst to the electrode, which is usually
the rate determining step of the ET process [212, 213]. The latter is defined by the distance
for electron tunneling between terminal Fe-S and surface and therefore depends on the enzyme
orientation. According to standard hydrogenases, an ideal binding for Re MBH for optimal
electron transfer from the distal Fe-S cluster as exit point for the electrons, which are gained
from the Hy splitting at the enzyme’s active site to the surface, might be accomplished via the
interaction of the weak negatively charged patch close to the terminal Fe-S cluster to a positive
charged Au-surface. So far, extensive works on heterodimeric strep-MBH on PGE electrodes
carrying negatively charged surfaces with carboxylic and hydroxyl functional groups, have been
reported. Thereby, successfully adsorbed strep-MBH exhibited an efficient direct electric contact
between surface and enzyme.[207, 19] To understand this type of interaction and the underlying
enzyme orientation(s), (i) different kind of functional groups exposing charges as well as (ii)
various charge distributions were selected for electrode modifications to monitor possible overall
electrostatic interactions of strep-MBH with the electrode surface. In this work, gold electrodes
were used, which can be easily modified by biocompatible self-assembled monolayers (SAMs),

thereby offering a variety of different functional groups.
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4.2 Spectro-electrochemical insights into adsorption be-
havior of the heterodimeric Re MBH

4.2.1 Probing electrocatalytic efficencies of MBH

For electrochemical experiments, gold electrodes were modified with SAMs to form hydropho-
bic or charged surfaces depending on their functional groups and adjusted by the pH of the
solution. Negatively charged 6-mercaptohexanoic acid (C5COOH), positively charged 6-amino-
1-hexanethiol (CgNHz) and a hydrophobic surface introduced by 1-pentanethiol (C5CHs) SAM
were used. Dilutions of the surface charge density of carboxylic and amino-terminated SAMs
were achieved by incorporation of a 6-mercapto-1-hexanol SAM with a hydroxyl functional group
(CgOH). A similar length of carbon-hydrogen chains was selected for all SAMs. Longer aliphatic
chains reveal more compact monolayers in high ordered structures,[165, 163] however, the related
enhancement of the SEIRA signals decreases with increasing distance from the Au electrode [112]
and also the corresponding interfacial electron transfer rate. Therefore, a medium Cg/Cs chain
length was used for all the experiments as a good compromise. The experiments for a series
of diluted charge densities using a C¢OH SAM were carried out by varying the ratios of the
C5COOH/CgOH - SAMs by Dr. Nastaran Ranjbar/ Strasser group. Thereby, the highest en-
zyme activities were observed with a ratio of 1:9 (viv) (see appendix Fig. A.2). In addition,
different protonation degrees were applied by a variation of the corresponding buffer pH, cover-
ing the respective monolayer-surface on gold pen electrodes (see appendix Fig. A.5), in order
to reveal the best immobilization parameters for strep-MBH on each SAM. Thus, the best im-
mobilization conditions for the strep-MBH were screened, as shown in appendix (Fig. A2-A6).
The corresponding protonation degrees are related to the chosen pH-values in Table 4.1 for the

optimized surface immobilization.

Table 4.1: pKa and resulting (de)protonation degree of selected SAMs*

SAMs pka value working pH (de)protonation degree  reference

CsCOOH 6.3 £ 0.1 5.5 16 + 5 % -COO" this work/appendix
C5COOH/CsOH (1:9; viv) 5.7 +0.1 5.5 37.5 % -COO" this work /appendix
CeNH, 6.0 + 0.2 7.0 ca. 8 % -NHs+ [208, 214]
CsNH2/CsOH (1:9; v:v) 7.2 4£0.01 7.0 38.7% -NH3z ™ [215]

*pKa values of SAM functional groups determined electrochemically according to procedures reported in
Degefa et al. [216], while the related (de)protonation degree for negatively charged carboxyl and positive
charged amino functional groups, respectively, were estimated for chosen immobilization phosphate buffer
solution (PBS) at pH 5.5 for CsCOOH-, CsCOOH/CgOH- and at pH 7.0 for C¢NHs-, C¢NH2/CgOH-
terminated SAMs. For pKa value determination of negatively charged-SAMs see appendix (Fig.A4.9).

Surface pKa values of the SAMs were determined by the peak current (ip) of a given probe redox
couple in buffers varying the pH. In this context, Zhao et al. [217] proposed a simple method, in
which cyclic voltammetry is used to measure i, values of [Ru(NHjz)g]>*/?* for negative charged
SAMs and [Fe(CN)g]3%/% for positive charged SAMs as a function of pH.

It should be noted, that the surface pKa for carboxylic acid terminated SAMs are typically more

basic and amino-terminated SAMs more acidic than reported for their respective compound
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in solution.[218] These shifts of pka values originate from the closely-packed surface-confined
functional groups of adsorbed SAM. Thereby, intramonolayer hydrogen bonding effects and also
electrostatic repulsions of surface charges can occur at the functional groups. Thus, the surface
pKa value of the diluted C5sCOOH/CgOH — SAM shifts in comparison to the pure CsCOOH —
SAM to a lower pka value. Similar trends have been previously reported by the Whitesides [219]
and Crooks groups [220]. According to these authors, removal of acidic protons results in a closely
packed monolayer of negative charge which appears, however, thermodynamically unfavorable
due to the strong electrostatic repulsion of the charged carboxylate groups. In the case of mixed
CsCOOH/CgOH (1:9; viv) SAM, COO - groups can structurally arrange favorable low-energy
configurations, which reduce the effect of repulsive electrostatic interactions and allows an entire
ionization for all available carboxylic groups. In this regard, a similar trend for positive charges
of a diluted CgNHg — SAM is observed by Marmisollé et al. [215] showing an increase of pka value
for a CgNHz/CgOH — SAM (1:1; v:v). Hereby, it can be assumed that the used higher diluted
CgNH5/CsOH — SAM (1:9; v:v) also presents a higher protonation degree than its corresponding
CgNHy; — SAM.

Cyclic voltammograms recorded under the optimized conditions for a strep-MBH adsorption,

derived from the pre-screening process as described above and are displayed in Figure 4.2.
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Figure 4.2: Cyclic voltammograms (CVs) recorded under Hy atmosphere at room temperature for Ho
oxidation of Re strep-MBH on SAM covered gold electrodes in the presence of Ha-saturated buffer before
(black lines) and after addition of 10 pM methylene blue (blue lines) for (A) CsCOOH, (B) C¢NH; (C)
CsCHs, (D) CsCOOH/COH (1:9) and (E) C¢NH2/CgOH. (F) shows the statistical evaluation of the
current densities for each SAM, thereby displaying each experimental result (black) and the averaged
current density (red). Scan rate: 5mV/s; 10 mM potassium phosphate solution at pH 5.5 was used as

the electrolyte.

Figure 4.2 displays voltammetric traces recorded in the presence of Hy-saturated buffer, thereby
revealing current densities similar to those previously observed for all purification variants of the

Re strep-MBH heterodimer immobilized on pyrolytic graphite edge (PGE) electrode and the Re
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MBH heterotrimer on Ag electrodes under Hy atmosphere (Fig. 4.2A).[203, 205, 17] The char-
acteristic sigmoidal shape reflects the electrocatalytic activity of the immobilized enzyme for Hy
oxidation, including the typical current drop at higher potentials, related to the reversible oxida-
tive inactivation of this particular enzyme.[33] These results indicate that the catalytic activity
of the heterodimer strep-MBH is preserved upon adsorption on SAM-coated Au electrodes, with
preferential orientations towards the electrode surface suitable for DET and therefore within a
distance below 15 A. However, differences in current densities can be detected with respect to
the DET efficiencies. Strep-MBH on negatively charged CsCOOH- and C5;COOH/CsOH-SAM
(Figure 4.2A, 4.2D) yields the highest current densities of about 10 pA cm™. Subsequently,
methylene blue was added as a redox mediator to the buffer solution to investigate the ho-
mogeneity of the enzyme adsorption. Interestingly, the orientation of the individual enzyme
molecules obtained on the negatively charged SAMs does not result in any mediated electron
transfer with methylene blue (MB). This suggests a binding of exclusively favored orientations
locating the distal Fe-S cluster close to the surface of the Au electrode, which enables solely DET
of all adsorbed active enzymes. In contrast, strep-MBH bound on positively charged C¢NHso-
and CgNHy /CsOH-SAMs involves both, DET and MET processes, resulting in current densities
of 2 pA em™? (mediated: 4 pA cm2) and 3.3 pA cm™ (mediated: 9.8 pA cm2), respectively. On
CgNHy covered surfaces none of the two ET processes is favored. In the case of mixed SAM
(CsNH2/CsOH) with a diluted charge distribution, the fraction of MET is higher (compared to
the DET). It even exhibits higher current densities compared to the pure C¢NHz covered surface.
These findings strongly suggest that the electro-enzymatic Ho oxidation originates from various
MBH orientations on the surface. Strep-MBH adsorption on a hydrophobic C5CHg SAM results
in an even stronger effect of the redox mediator. In this case, the MET is clearly favored over the
DET process with a current density of 6 pA cm™2 compared to only 0.3 pA cm™2, respectively,

thereby revealing 20 times higher mediated current densities.

Figure 4.2F gives an overview on all cyclic voltammetric experiments recorded on gold pen elec-
trodes, including deviations between different protein purifications and various purchased SAM
batches. Thereby, the following general trend can be observed: Both negatively charged SAMs
exhibit major current density variances throughout all performed CVs. In particular, strep-MBH
on C5COOH-SAM reveals values between 1.6 pAcm™ and 30 pAcm™. This broad distribution
can presumably be related to variations in the CsCOOH-SAM quality. In particular, the short
C5-COOH-SAM might be more strongly affected by an oxidative degradation process over time.
Generally, SAMs can oxidize over time and particularly the here used C5COOH-SAM seems to be
affected by oxidation during its long-term storage. Although the mixed C5;COOH/CzOH-SAM
also exhibits a significant deviation in the detected current densities, the SAM consists only of
a 1/9 (v/v) fraction of C;COOH-SAM and therefore the observable variance might cover only a

smaller range (between 5 and 15 pA cm™).

Strep-MBH immobilized on both positively charged SAMs, CgNHa- and CgNHa/CgOH-SAMs,
exhibits reproducible values for the recorded current densities in DET as well as MET. The
hydrophobic C5CH3-SAM exhibits reproducibly hardly any DET and rather high values for the

MET in all experiments.

The cyclic voltammetric data displays an adsorption of strep-MBH on all screened SAM-modified
surfaces, exhibiting the typical electrocatalytic Hy oxidation. As the catalytic current densities
of the same strep-MBH preparation differ drastically depending on the surface charge of the

SAM-covered Au surface, discriminative binding sites between strep-MBH and the various SAM
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surfaces can be assumed. To gain deeper insights into the binding processes, SEIRA spectroscopy
was applied to study the adsorption process and possible correlations with the observable cat-

alytic current densities.

4.2.2 Surface-Enhanced Infrared Absorption Spectroscopy on adsorbed
MBH

4.2.2.1 Amide Region

In line with the electrochemical data (see section 4.2.1) the adsorption of the strep-MBH on
different SAM surfaces was monitored in situ by SEIRA spectroscopy. Thereby, the protein
backbone structure can be particularly resolved in regions between 1700 — 1600 cm™ and 1600-
1500 cm™ by means of the so-called amide I and amide II bands, respectively. The amide I band
derives almost exclusively from the C=O stretching vibration of the backbone peptide bond,
whereas the amide IT band originates from an out-of-phase combination of N-H in-plane bending
and C-N stretching vibrations of peptide bonds, see chapter 2.2.2.4. Figure 4.3 A shows the
immediate adsorption of strep-MBH indicated by the amide I and amide II bands, centered at
1660 cm™ and 1550 cm™!, respectively, hence confirming the sustained integrity of the backbone
structure. The comparison of amide I and amide II bands on different SAMs and in solution is
given in section 4.3.7). Adequate signal intensities of amide T and IT on all SAM surfaces are
observed already in the first spectrum, finalized after 3 min. The intensities of the amide I and
amide IT bands monitored in the respective absorbance spectra as a function of time show a

gradual increase within the first 30 min (Figure 4.3A).

These results are in good agreement with previous spectroscopic studies on hexahistidine-tagged
Re MBH (his-MBH). However, no electric contact between enzyme and electrode surface was
established by this immobilization strategy on a Ni-Nitrilotriacetic acid (NTA)-SAM [67], pre-
sumably related to a too large distance between the distal Fe-S cluster and the electrode surface,
thereby impeding a DET. Adsorbed strep-MBH on SAM-modified gold surfaces, however, ex-
hibits DET on all SAM structures under sustained overall protein backbone integrity, revealed
by its amide patterns and more importantly by the state of the active site. The analysis of
amide I and amide IT band intensities as well as the corresponding amide I/amide II ratios gives
an idea about the enzyme coverage, enzyme-surface distance dependencies and relative enzyme
orientations on the surface. All observable amide I and II band intensities and the respective

amide I/amide II ratios show in Figure 4.3 C are summarized in Table 4.2.

Surprisingly, the positively charged SAMs (CsNHz and CgNHa/CgOH) reveal very low overall
values for DET and MET, whereas the SEIRA spectra display the highest amide I band inten-
sities of 6.2 mOD and 11.4 mOD, respectively. The negatively charged CsCOOH-SAM, on the
other hand, exhibits the lowest amide I band intensity of 3.7 mOD in Figure 4.3A. However,
previous results (see 4.2.1) already revealed that in particular, this type of surface modification
exhibits strong variances due to the inherent instability of the SAM. Strep-MBH on a mixed
C5COOH/CgOH SAM displays moderate amide I band intensities of around 4.5 mOD. On the
hydrophobic surface of C5CHg, similar intensity values of about 4 mOD can be detected.
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Table 4.2: Amide I, IT band intensities and related ratios of strep-MBH adsorbed on various SAMs*

SAMs amide I intensity ~ amide II intensity —amide I / amide II
(mOD) (mOD) ratio £ deviation
CsCOOH 3.7 3.6 1.00 £ 0.1
C5COOH/CsOH (1:9; v:v) 4.5 3.9 1.14 £ 0.2
CsNHa 6.2 4.8 1.27 £ 0.01
CsNH2/CsOH (1:9; viv) 11.4 8.9 1.26 £ 0.01
CsCHs 3.9 4.0 0.98 £ 0.2

*Amide T and II band intensities values [in 10® OD] extracted from SEIRA spectra displayed in Figure
4.3A and mean values and standard deviations (+sd) of amide I/ amide II band intensity ratios extracted

from all experiments.

Naturally, the strep-MBH is composed of a mixture of unordered secondary structure elements,
namely 42.5 % helices, 14.8 % sheets: 42.7% others (turns and random coils), determined by
secondary structure assignment program STRIDE.[221] A second secondary structure assignment
program, DSSP, revealed similar values.[222] Hence, it is not possible to distinguish per se specific
orientations solely based on the evaluation of the amide mode region in the SEIRA spectrum by
means of the angular dependent surface enhancement as for example membrane proteins which
harbor uniform parallel transmembrane helices.[108] Monitoring the amide I/amide II ratio, in
such manner, provides an understanding of similarities in orientations and ratio changes of the

same sample allow comparisons of the occurring surface processes, i.a. reorientations.

The finally recorded spectra of strep-MBH on C5;COOH and on CsCOOH/CgOH, measured after
a 30 min adsorption process exhibit amide I/amide II band intensity ratio of 1 and 1.14, respec-
tively (see Table 4.2). Strep-MBH samples immobilized on C4NHz and mixed CeNHy/CgOH-
SAMs, both representing the highest absorbance intensities for adsorbed strep-MBH, display
identical amide band ratios with a value of around 1.3. It has to be emphasized, that on these
particular surfaces the respective amide I to amide II proportions are significantly higher com-
pared to both, negatively charged (1.0 and 1.14) and hydrophobic (0.98) SAMs. These values
suggest different final orientations on positively charged surfaces compared to the other ones.
As the strep-MBH molecules are bound in multiple orientations, as derived from the observed
MET processes described in section 4.2.1, their amide I/amide II value of 1.3 may be related to
a spectral overlap of the differently oriented enzyme fractions. For comparison the correspond-
ing amide I/amide II band ratio of isotropically oriented strep-MBH in solution was determined
within a thin IR- transmission cell to 1.38, which is indeed close to strep-MBH adsorbed on
CgNHs- and C4NHy/CgOH-terminated SAMs.

A further, more detailed discussion of this matter is provided at the end of this chapter (see
section 4.3.7). The amide I/amide II ratio changes during adsorption are discussed in detail in
section 4.2.2.3.
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Figure 4.3: SEIRA spectra of strep-MBH, immobilized on a nanostructured, SAM-covered Au elec-

trode surface resulting in five different surface charge distributions. From top to bottom: CsCOOH,
CsCOOH/CsOH, CsNH2, CsNH2/CsOH and CsCHs. SEIRA spectra (A) displaying the amide mode
region, (B) SEIRA spectra showing the region characteristic for CO and CN stretchings of the active

site and (C) time evolution of band intensities derived from the SEIRA spectra for amide I, II modes

and active site CO absorption (in Ni;-B, Nij,-S state) The latter were multiplied by a factor 50 for

better comparability. Biexponential fits (A = Ao + A1 exp(-t/71) + A2 exp(-t/ 12)) could be applied

in the time period of 0 < t < 30 min and are displayed as solid lines. Incubations with strep-MBH on
C5COOH and C5;COOH/Ce OH-SAMs were perforgged in 10 mM phosphate buffer solution (PBS) at pH
5.5 and on CgNH2,C6NH2/CsOH and C5CHjs covered surfaces in 10 mM PBS at pH 7. All experiments

were carried out at 4°C.




4.2.2.2 Active Site

The SEIRA spectra of strep-MBH immobilized on SAM-coated electrodes at open circuit po-
tential (OCP) reveals a characteristic vibrational band at 1948 cm™, assigned to the CO ligand
coordinated at the [NiFe] active site, together with the conjugate CN; and CNy stretching vi-
brations at 2081 cm™ and 2098 cm™!, respectively. These three bands are assigned to the Ni,-B
species of Re MBH,[5] a readily oxidized state, typical for the as-isolated enzyme. The Ni,-B
state is observed for all adsorbed strep-MBH preparations displayed in Figure 4.3B, which sug-
gests an intact catalytic center upon enzyme-surface interaction. The corresponding vibrational
modes of the CO and CN- ligands can be detected already in the first spectrum recorded after
3 min. Band intensities and selected ratios of the related CO, CN; and CNj3 absorptions taken
from of the final spectra of the immobilized protein are displayed in Table 4.3. Calculation of
Rippers et al. [210] based on the MBH homology model showed, that the vibrational modes
related to the observed cyanide bands derive indeed from localized movements of the individual
ligand with varying amino acid environments. Not all spectra exhibit the three ligand bands
assigned to Ni,-B: The active site absorptions of the strep-MBH (Figure 4.3B) on CsCOOH- and
CsCOOH/CgOH-SAMs display the CO and only one CN~ stretching vibration at lower frequen-
cies, i.e. CNj stretching at 2081 cm™.
the intensity of the CNy band at 2098 cm™! band is too weak for an obvious detection. The

latter observation can be interpreted as a consequence of the angular dependence of the SEIRA

This is still indicative of a native active site, although

spectral intensities, namely the surface selection rule, which states that vibrational modes with
changing transition dipole moments parallel to the surface cannot be detected; those with pref-
erentially perpendicular orientations are maximal enhanced. This distinct absence in the SEIRA
spectrum indicates a homogeneous orientation of the MBH and also correlates with the observed
unaffected current densities after the addition of a redox mediator, which have been determined

in the electrochemical experiments (see section 4.2.1).

Table 4.3: Band intensities of the CO and CN~ ligands at active site*

SAMs intensities of active site absorptions (10 OD) ratio ratio
CO CN; CNy CO/ CN;  CO/ amide I
CsCOOH 2.4 1.7 - 1.4 0.006
CsCOOH/C6OH (1:9; viv) 2.4 1.5 - 1.6 0.006
CeNH2 4.5 1.0 0.8 4.5 0.010
CeNH,/C6OH (1:9; viv) 116 2.6 1.7 45 0.011
CsCHs 23 092 0.75 2.5 0.006

*CO (1948 ecm™), CN;y (2081 cm™), CN2 (2098 cm™) intensities, as well as CO/ CNy, CO/ amide I
ratios of strep-MBH adsorbed on different SAMs, as exhibited in Figure 4.3B.

The absolute intensities for the active site ligands are a factor of 102 smaller than the amide I
band intensities, in all cases of strep-MBH bound onto various SAMs. The intensity values for the
observed diatomic ligands on different SAMs evaluated from Figure 4.3B and their band intensity
ratios of active site ligands those of CO/CNj as well as CO/amide I are summarized in Table 4.3.
The latter, CO/ amide I band intensity ratio derived from Ni,-B species reveals similar value

ranges of approximately 0.01 on all SAM surfaces. Strep-MBH on the positively charged surfaces
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CgNHs- and CgNH2/CgOH reveal again almost identical ratios of 0.01 and 0.11, respectively,
whereas the negatively charged and hydrophobic surfaces, which displayed already similar amide
I/amide II band intensity values show the exact same ratios of 0.006. Under the assumption that
the signal intensity originates solely from the enhanced IR radiation a signal decrease of d*¢ can
be supposed. For an understanding of the enzyme orientation on the particular surfaces, the CO/
CNj ratios are contemplated for further interpretation, since these ratios depend strongly on the
angular dependent selection rule. The intensity of enhancement involves two factors: distance
dependency relative to the Au surface and second the angular dependence of vibrational modes,
which are maximal enhanced for adsorbates exhibiting transition dipole moment changes in
perpendicular direction to the Au surface. Since all three ligands are coordinated to the Fe
atom, and are in very similar distance to the Au electrode, different enhancement factors due to
different ligand to Au-surface distance could be rather excluded. Hence, the ligand absorption

intensity ratios are suggested to originate mainly from their angular enhancement dependence.

The CO/CN;j ratio for strep-MBH in solution at pH 5.5 is about 4.2, representing a statistical
distribution of orientations. Strep-MBH adsorbed on C¢NHao— and CgNHy/CgOH-SAMs repre-
sent identical values of 4.5, underlining the similar orientation scenarios on both surfaces and in
agreement with the results for amide I/amide IT intensity ratios, also CO/CNj ratios are close to
those found in bulk solution (4-5). Furthermore, electrochemical data, vide supra, underlines ad-
sorption scenario of mixtures of more than one orientation by their monitored processes of both,
DET and MET (see section 4.2.1). A contrary trend to those observed on positively charged
surfaces is found for strep-MBH on the C5COOH-and C5COOH/CgOH-surface with a CO/CNy
ratio of 1.4 and 1.6, respectively, which is significantly smaller than strep-MBH in solution. The
complementary electrochemically derived data exhibits only a DET, suggesting a homogenous
adsorbed MBH with a preferential orientation in this case. Strep-MBH adsorbed on C5CH3-SAM
exhibits a CO/CNj ratio of 2.5, while the related electrochemical data suggest the presence of

several orientations shown by the high fraction of favored MET process.

4.2.2.3 Adsorption Kinetics

The adsorption kinetics in Figure 4.3 C displays the time-dependent evolution of amide I, IT and
CO band intensities within the entire process. The spectra collection of strep-MBH immobiliza-

tion on all SAMs was started immediately after addition of the strep-MBH solution.
Amide Band Region

While the positions of amide I and amide II bands remain unchanged, their intensity changes
follow a biexponential increase consisting of a fast and a slow kinetic process. Parameters of expo-
nential processes are defined in section 2.4.5. The corresponding time constants are determined

from the applied fits on the experimental data and are summarized in Table 4.4.

Figures 4.3 C displayed the amide I and amide II band intensities as a function of adsorption time.
The underlying kinetic processes exhibit the expected biexponential increase as often reported
for slow monolayer adsorptions.[67, 223, 208] The adsorption processes differentiate evidently in
their time constants, resulting in various biexponential behaviors depending on the investigated

surface charges. The time constants derived from the related fits are summarized in Table 4.4.

Upon immobilization, both, the two amide bands and the CO stretching band(s) increase con-
comitantly as a function of time (see Fig. 4.3). Table 4.4 summarizes the resulting parameter

values from a biexponential fit of the time course of amide I and amide II band intensities. For
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all adsorption processes of strep-MBH on selected SAMs, a first fast and a second slow time

constant have been determined.

Table 4.4: Kinetic parameters of the adsorption process derived from the time course of amide I and

amide II band intensities*

amide band Ao (mOD)  A; (mOD) 11 (min) A (mOD) T2 min
CsCOOH

1663 cm™ 3.49 £ 0.2 3.52+0.14 4.28+£0.30 0.02 £ 0.07 10.35 £ 12.96
1553 cm™ 341 +£05 321 £0.13 356 £0.17 1.48 £0.71 114.50 £ 32.17

CsCOOH/CsOH (1:9; viv)

1661 cm™ 4.76 328 +0.25 2.63+034 149 +0.24 23.56 + 4.75
1551 cm™ 4.16 2.96 + 0.18 2.43 £0.27 1.20 £ 0.17 22.89 + 4.14
CeNH>

1661 cm™ 6.24 5.04 £ 053 3.63£046 1.22 £0.53 18.58 £ 6.56
1551 cm™ 5.12 419 £030 3.59 £0.20 0.95 £ 0.30 20.15 £ 5.81

CsNH2/CsOH (1:9; v:v)

1661 cm™ 11.90 873+ 276 544145 3.29 £281 2281 £+ 16.24
1550 cm™ 9.40 255 206 526 +x137 280£209 21.70 £ 13.09
CsCH;

1662 cm™ 3.95 1.81 £0.14 230=£0.26 213 +£0.13 14.06 £ 0.76
1552 cm™ 4.00 2.0 +£0.08 2.104+0.14 2.00 + 0.08 13.59 + 0.46

*Fit parameters obtained from the biexponential function (A = Ag + A1 exp(-t/71) + A2 exp(-t/ 12))
to the time-dependent evolution of amide T band (around 1660 cm™) and amide IT band (around 1550
cm™) intensities of the strep-MBH adsorption on Cz COOH, C;COOH/C¢OH, CsNHz, CsNHz/CqOH
and CsCHs SAMs derived from the related data in Figure 4.3.

The first and faster adsorption process lies in time scales between 2.3 min and 5.5 min. The
fastest time constants are determined for strep-MBH binding on hydrophobic C5sCH3-SAM coated
surface, revealing values for 1 (amide I) = 2.3 min and 71 (amide II) = 2.1 min. These values are
followed by the ones obtained within the time constant determination of C5COOH/CgOH with
71 (amide I) = 2.63 min and 11 (amide IT) = 2.96 min. Strep-MBH adsorbed on C5sCOOH exhibits
slightly slower time constants, as found for the previous mentioned mixed CsCOOH/CgOH-SAM
with 11 (amide I) = 4.28 min and t; (amide IT) = 3.56 min. The slowest growth time constants were
derived for the strep-MBH on a mixed CgNHy/CgOH surface with values of t; (amide I) = 5.44
min and 17 (amide IT) = 5.26 min. Figure 4.4 displays the ratios, which are considered to be most
interesting during the adsorption processes, presumably indicating reorientation processes at the
surface, i.e. amide I/amide IT and CO/amide I ratios, evaluated from Figure 4.3C. As displayed in
Figure 4.4, the value of amide I/amide II ratio varies from 0.98 to 1.26 for strep-MBH on different
SAMs, a similar tendency of the time course can be reported for all: Starting with a lower amide
I/amide II ratio in their first recorded spectra, i.e. 3 min, the subsequent detected spectra show
amide I/amide II values equilibrating at slightly higher ratios. Two different time-dependent
course behaviors are observed during the residual immobilization time. Amide I/amide II ratios
of strep-MBH samples on CgNHs- and mixed CgNHs/CgOH-SAMs remain constant after the
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first 20 min within the contemplated immobilization time, whereas in case of immobilization
on C5COOH-, C5;COOH/C¢OH-, C;CH3—-SAMs a secondary and subordinate slowly, but steady

increase of amide I/amide II can be observed within the complete adsorption time.
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Figure 4.4: Ratios over adsorption time of amide I/ amide II; data evaluated from Fig. 4.3C:
SEIRA spectra of strep-MBH, immobilized on a nanostructured, SAM-covered Au surface: C5;COOH,
C5COOH/CGOH7 CGNHQ7 CGNHQ/CGOH and C5CH3.

This change is accompanied by a small shift (from 1665 cm™ to 1663 cm™) in the amide I
position, while the position of amide II remains constant. While the ratio changes also over the
adsorption time of 30 min, this could be the indication of a steady reorientation process. Since
MET processes were not observed on C5COOH-, C5COOH/CsOH-SAMs, enzyme multi-layer

formation can be excluded here.

Active Site Region

As discussed previously, the active site could be monitored for strep-MBH immobilized on all
SAMs used in the present study and revealed predominately the presence of an oxidized, ready
Ni,-B state, which intensity is studied over time. Figure 4.3C displayed the time course from the
band intensities of the corresponding CO absorptions, characteristic for the redox states Ni,-B
and Nij,-S, if present. Interestingly, only a mono-exponential adsorption process is found for
the Ni,-B state (see Table 4.5), although the related amide bands follow a biexponential binding

behavior.

Hereby, the amount of Ni,-B reaches a constant value within few minutes indicating the comple-

tion of strep-MBH adsorption, implying a saturation of binding sites at the surface and therefore
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most likely monitoring only the strep-MBH directly bound to the surface, i.e. (sub)monolayer
formation. The initial kinetic process of amide bands intensity growth and the corresponding
Ni,-B formation exhibit both similar time constants for each essayed SAM, see Table 4.4. The
initial adsorption process monitored by the intensity growth of the two amide bands is likely to
be associated to an initial direct enzyme-SAM interaction, as the mono-exponential time course

of the Ni,-B formation derives.

Table 4.5: Kinetic parameters of the adsorption process derived from the time course of CO stretching

vibration band intensity of the active site *

CO absorption (active site)  Ap (102 mOD)  A;(102 mOD)  ;( min)

CsCOOH

1948 cm! 2.6 +0.1 2.7+ 0.2 4.7+ 0.9
CsCOOH/CsOH (1:9; v:v)

1948 ¢cm™! 1.4 + 0.02 1.44 + 0.05 44404
C¢NH,

1551 cm™! 45 + 0.1 4.6 + 0.2 44404

CsNH2/CsOH (1:9; v:v)

1948 cm! 11.4 + 0.2 11.6 + 0.2 44+ 04
1930 cm™ 32409 3.1+09 46.2 + 20.1
C5CHs

1948 cm! 2.5 + 0.1 2.4 4+ 0.2 3.0+ 0.6

* Results obtained, using the mono-exponential function (A = Ag + A1 exp(-t/t1)) to fit the time course
of the CO stretching bands at 1948 cm™ ( Ni,-B) and at 1930 cm™ (Niia-S) of strep-MBH immobilized
on C5;COOH, CsCOOH/CsOH, C¢NHz, CsNH2/CsOH and CsCHs SAMs; evaluated from data shown
in Figure 4.3.

The further increase in the biexponential time course of amide band intensities does not seem to
be related to the coverage of the strep-MBH bound directly at the SAM-surface, since no further
increase of the Ni,-B state intensity can be observed after the initial process. Thus, the second
process derived from the amide band intensities course might be therefore rather related to a
reorientation of the (sub)monolayer species, which would lead to a slow amide band intensity

change due to the enhancement effect by its angular- dependency.

Fig. 4.5 displays the CO/amide I band intensity ratio over the entire immobilization time. While
the corresponding CO/amide I band intensity ratio of strep-MBH on both positively charged
surfaces, NHy- and CgNHy/CgOH-SAM, slowly decrease over time, the amide band intensity
ratios reach a maximum intensity and remain thereafter constant within the contemplated time

scale.
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Figure 4.5: Ratios over adsorption time of CO/ amide I from CO stretching vibration characteristic
for active site absorption (in Nir-B state, and if present Ni;,-S state). Data evaluated from Fig. 4.3C:
SEIRA spectra of strep-MBH, immobilized on a nanostructured, SAM-covered Au surface: C5COOH,
C5COOH/CGOH7 CGNHQ7 CGNHQ/CGOH and C5CH3.

The CO/amide I band intensity ratio for the Ni,-B state of strep-MBH on C¢NHy/CsOH-SAM
displays a decay in a slightly faster regime than on a pure NH3-SAM and is accompanied by the
formation of the irreversibly inactive state, Nija-S (1930 cm™).[224, 5] It might be here formed,
when the active site is in certain enzyme orientations exposed to the high local electric field on
uncovered Au, which also lead to protein denaturation.[225, 226, 227] Normally it is formed only
for the Re heterodimer MBH in the presence of residual oxygen (traces) and hydrogen. Presum-
ably, electrons cannot be fast enough provided to the active site during Os-reduction, whereby
reactive oxygen species remain at the active site leading to oxidative damage. Indeed, spectro-
electrochemical studies of immobilized strep-MBH on both positively charged SAMs support
this hypothesis, as here also enzyme fractions are present, where the enzyme is not electronically
wired to the surface. Thereby, a higher amount of MET and also Nij,-S state is observed on the
CgNH;/CsOH-SAM (see section 4.2.1).

In fact, the CO/amide I band intensity ratio of strep-MBH on negatively charged SAMs remains
constant within the immobilization time. Since electrochemical data (see Fig. 4.2) only exhibits
DET between strep-MBH and the electrode surface, electrons required for a complete Os reduc-
tion at the active site can be provided directly from the electrode. In agreement, no loss of Ni,-B
can be derived from the CO/amide I band intensity ratio.

In line with these observations, strep-MBH on a CHs-SAM, which is mainly not electronically
wired to the Au electrode reveals a relative decay of the Ni,-B state monitored via the CO/amide

band intensity ratio over time. However, no CO absorption characteristic for Ni;,-S was observ-
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able. Here, the overall intensity might be only too low for a detection at this stage or the progress

of an oxidative damage not far enough.

4.2.3 MBH coverage determination via Atomic Force Microscopy

For a more accurate comparison of strep-MBH adsorption on these diverse surfaces, the origin
of the observed amide band intensities was analyzed in more detail. SEIRA spectroscopically
recorded band intensities depend on the amount of adsorbed enzyme molecules and the sur-
face enhancement effect, which decreases strongly with increasing distance from the surface I
d¢.[100] To understand the contribution of enzyme coverage to the intensity values observed in
SEIRA spectra comparative AFM measurements were performed to determine the latter . In
this context, Au surfaces coated with pure CsCOOH- and C4NH3-SAMs, which were exemplarily
studied after enzyme incubation. In such manner, besides the variation of amide band intensities,
also different amide I/amide II band intensity ratios were observed, suggesting diverging orien-
tations. Since a huge variance was observed in particular for the previously described studies
on C5COOH-SAMs, the present experiments were prepared and performed on the same day on
identical strep-MBH and SAM incubation solution for SEIRA and AFM measurements.
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Figure 4.6: Top: Topographic AFM mapping in non-contact mode of the SAM-modified Au surface (A)
before and (B-C) after completed strep-MBH immobilization on (B) Cs COOH-modified, and (C) C¢NHa-
modified, SAM covered Au electrodes. Insets display high magnification AFM images. The dashed
horizontal lines indicate the course of the height profiles shown in (D) for immobilized strep-MBH on a
C5COOH-SAM (red line), on a CsNH2-SAM (blue line) and prior to immobilization (black line). Bottom:
3D illustrations of the higher magnifications of (E) before and after completed MBH immobilization (F)
on CsCOOH-modified Au electrodes, (G) Cg¢NHz-modified Au electrodes. The colored arrows indicate
one strep-MBH enzyme unit of 9 nm size.

AFM measurements on the C; COOH-surface and on CgNHs-surface were performed before after
enzyme incubation (Figure 4.6A-C). Figure 4.6A displays the rough nanostructured Au surface
with lateral size values between 30-50 nm for the Au surface aggregates, coated with SAM. Figure
4.6B shows the AFM image of strep-MBH adsorbed on C5COOH-coated Au after 30 min, which
clearly deviates from the bare SAM-covered Au-surface exhibiting smaller structural units on
the rough surface, which can be attributed to the strep-MBH. Consistently, structural units can
be observed for the strep-MBH on CgNHy-SAM coated Au. The diameter of a single unit is
determined by the lateral periodicity of ca. 9 nm in the corresponding height profile of strep-
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MBH on C5COOH- and CgNH2-SAM (Figure 4.6D). Recorded surface depths of these samples
yield an average value between — 6 nm and 8 nm for enzyme-covered Au-SAM surfaces, whereas
blank Au-SAM surfaces, exhibit average depths of -6 and 5. Due to the limiting width of the
AFM pits the corresponding tip could not reach surface depths, which cannot be considered as
representative for the real depth. In addition, the thickness of the MBH layer was determined by
ellipsometric measurements for both monolayers revealing layer thicknesses of ca. 7 nm, which is
indicative of a preferential protein monolayer formation (see appendix Fig. A.10). Strep-MBH on
Cs5COOH-SAM covered Au surface exhibits a lower coverage than on the corresponding C¢NHa-
SAM coated surface. The determination of the molecular units on the individually screened
sample in low (2pm x 2pm) and high magnification (500nm x 500nm) on least 3 different spots
per sample, revealed coverages of 0.09 pmol cm™ for CsCOOH- and 0.44 pmol cm™ for CgNHo-
SAM surfaces. Thus, the coverage on an amino-terminated surface reveals a 5-fold higher enzyme
coverage than on C;COOH-terminated surface. This result correlates well with the observable
absolute band intensities of amide I and amide IT bands measured on these particular surfaces
by SEIRA spectroscopy, shown in Figure 4.7. This finding suggests that a distance dependence
of spectral intensities due to the surface enhancement effect can be ruled out as the dominating
reason, at least for large biomolecules such as MBH. However, the latter should be still considered

in the further data evaluation for same films.
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Figure 4.7: Exemplary comparison between SEIRA derived amide I band intensities and the surface

coverage deduced from AFM studies on CsCOOH- (black) and C¢NH2-SAMs (gray).
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4.2.4 Summary

To summarize the obtained data on all different presented SAM surfaces, Figure 4.8 displays the
occurring variances in all performed experiments. The detected electrochemical activity of the
SEIRA measurements for strep-MBH is plotted in Figure 4.8A in form of black dots and reveals
for the CsCOOH-SAM the highest variance presumably due to the instability of the SAM. Con-
trarily to the pure electrochemical data displayed in Figure 4.2 (violet triangles), the observable
current densities are consistently lower for all performed experiments on SEIRA electrodes. This
might be related to the use of an “older” C5COOH-SAM for the SEIRA experiments and the
utilization of a recently purchased batch for electrochemical measurements. The variances of
electrochemical activities on the other SAM surfaces are similar to the previously observed in
Figure 4.2 (see section 4.2.1) and deviate only within a small range. The CV measurements
performed in the SEIRA-setup reveal reproducible results. The highest averaged current density
is observed for strep-MBH on mixed CsCOOH/CgOH-SAM as detected also in exclusive electro-
chemical studies on Au pen electrodes. Thereby, the lowest current densities were recorded for
strep-MBH on C5CHg coated Au surfaces. Also here, the data obtained for both positive charges
CgNHs- and CgNHy/CgOH-SAMs are comparable to the ones previously recorded on Au pen
electrodes (violet triangles) coated with the respective SAMs. The variances in the amide I band
intensities in the individual SEIRA experiments (Fig. 4.8B) correlate well with the data scat-
tering observed for C5COOH-terminated surfaces. MBH on CgNHs-treminated surface exhibits
small variations compared to a C5COOH-SAM. Interestingly the lowest amide I band intensities
are observed on all negatively charged surfaces, CsCOOH- as well as C5sCOOH/CzOH-SAM,
although strep-MBH on C5COOH/CgOH-SAM exhibits consistently high electrocatalytic activ-
ity. Strep-MBH adsorbed on both positively charged surfaces, C¢NHs- and CgNHy/CgOH-SAM,
displays the highest amide I band intensities, with its maximum intensity observed on the mixed
CgNH;y/CgOH-SAM. The amide I band intensity values on the hydrophobic surface are situated
between those of positive and negative charged surfaces. Although Re strep-MBH on a CHs-
terminated SAM exhibits almost no activity for the DET, high current densities are monitored
for the MET. To correlate the band intensities with the current density Figure 4.8C was plotted
from the averaged data of each SAM surface. Strep-MBH on C5sCOOH/CgOH-SAM exhibits the

highest ratio of current density over amide I band intensity.

Table 4.6: Comparison of average values for current densities (j), amide band intensities obtained in

SEIRA experiments *

SAMs average values average values ratio

for j / pA em?  for amide I intensity (mOD)  j / amide I band

CsCOOH 1.72 3.37 0.5
C5COOH/CsOH (1:9; v:v) 8.71 3.84 2.3
CeNH2 2.62 6.33 0.4
CsNH2/CsOH (1:9; viv) 4.49 11.41 0.4
CsCH3 0.50 4.51 0.1

* Results obtained from average values of the entire data from SEIRA experiments of strep-MBH immo-
bilized onCs COOH, C5sCOOH/CsOH, CsNH,, CsNH2/CsOH and C5CH; SAMs; evaluated from data

shown in Figure 4.8.

75



As shown by the comparison between SEIRA intensity of the amide I band and the corresponding
strep-MBH coverage determined by AFM, which was exemplified on the two highest oppositely
charged SAM surfaces, see Fig. 4.8, the predominant spectral contribution of the amide I band
intensities seems to be related to the strep-MBH coverage rather than the distance and orientation
dependency of the surface enhancement. Hence, amide I band intensities of strep-MBH on
different SAMs will be correlated to enzyme coverage, in a first crude estimation. Thus comparing
their ratio of current densities obtained from DET to amide I band intensity presents a value
for comparing the efficiency of the surface for strep-MBH catalysis. These results are displayed
in Table 4.6. In this sense, the CsCOOH/CgOH-SAM surface presents the most efficient surface
for strep-MBH adsorption by far. In contrast, strep-MBH on mixed C¢NHy/CsOH-SAM shows
the utmost amide I band intensity, thereby suggesting the highest enzyme coverage, and reveals

second highest current densities by DET process.

Taking into account that the strep-MBH catalytic activity (kcat) is defined by its current density
relative to enzyme coverage, the corresponding value for strep-MBH on mixed C¢NHy/CgOH-
SAM appears low compared to the mixed C5sCOOH/CgOH SAM and therefore represents a
less efficient platform. Within the SEIRA experiments, strep-MBH on the pure C5sCOOH- and
NHs—terminated SAMs exhibit also low current densities for DET, as well as low amide I band
intensities compared to their corresponding mixed SAMs, CsCOOH/CgOH- and C¢NHy/CgOH-
SAMs. In contrast, strep-MBH on C5CH3—SAM with an averaged amide I band intensity of 4
mOD does hardly show any DET activity and thus presents the less efficient surface.

MET processes can be excluded for strep-MBH onto C5;COOH- and CsCOOH/CgOH- SAMs,
suggesting that every electrocatalytically active strep-MBH enzyme molecule, adsorbed at the
surface, experiences a DET process and is therefore is electronically wired to the electrode surface
with a distance small enough for electron tunneling from the distal Fe-S cluster. For both positive
charged CgNHsy- and CgNHy/CgOH-SAM surfaces, however, MET processes are found by an

increase of 50% and 30% increase relative to DET, respectively.

Strep-MBH on C5CH3-SAM shows mainly MET and hardly any DET processes. The amide I
band intensities suggest an adequate coverage of strep-MBH at this surface. However, the major
fraction of the enzyme molecules seems to be adsorbed in unfavored orientations for a direct

transfer of electrons from the distal Fe-S cluster to the electrode surface.
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4.2.5 Conclusions

In summary, an appropriate orientation is the most crucial aspect for an efficient and direct
interfacial ET when an enzyme is immobilized on a biocompatible electrode surface. Thus, in
the case that there is a distribution of orientations (involving significant fractions of electronically
unwired enzyme molecules), even a high overall enzyme coverage can result in rather low catalytic

efficiency and therefore a significant loss of power output.

In this context, the catalytic Hy oxidation efficiency of immobilized strep-MBH depends strongly
on its orientation at the electrochemical interface and not only on the enzyme coverage. In
the present study, an interdisciplinary methodological approach using electrochemistry, SEIRA
spectroscopy, AFM and ellipsometry reveals that strep-MBH on negatively charged interfaces
adopts a preferential orientation with the distal Fe-S cluster located close to the electrochemical
interface, hence promoting high DET processes. Previous studies on the electrostatic immo-
bilization of standard hydrogenases used positively charged surfaces to direct the Fe-S cluster
towards the electrode surface, thereby giving an efficient interfacial ET.[213] Oxygen-tolerant
strep-MBH, with its significantly weaker dipole moment, gives fairly low catalytic efficiencies
when adsorbed on positively charged surface, where Hy oxidation proceeds through both DET
and MET processes. Corresponding SEIRA spectra and AFM, however, show large amounts of
adsorbed strep-MBH.

The adsorption of strep-MBH on a hydrophobic surface, which mimics the membrane core of a
lipid bilayer with which the Re MBH natively interacts, shows mainly MET processes and hardly
exhibits any surface-wired enzyme orientations. This type of unspecific binding might originate
from the presence of the transmembrane helix and a possible interaction of the hydrophobic se-
quence of the C-terminal membrane anchor with the hydrophobic interface. The corresponding
SEIRA spectra provide sufficient band intensities for monitoring the protein backbone and the
active site. The amide I/amide IT band intensity ratio indicates an ensemble of multiple orien-
tations, exhibiting another type of binding of the strep-MBH on C5CH3-SAM than observed on
positively charged SAMs.

Comparable to strep-MBH on C5CH3-SAM, the adsorption strep-MBH on C5COOH-SAM inter-
face reveals a comparable amide I/amide II band intensity ratio, although different strep-MBH
orientations prevail for both C5COOH- and C5CH3-SAM, as shown by the corresponding elec-
trochemical data. While strep-MBH on C5COOH-SAM demonstrates only DET process, the
immobilization on C5CH3-SAM results in predominantly MET processes. In agreement with ob-
servations on C5COOH-SAM, electrochemical studies of strep-MBH on CsCOOH/CgOH-SAM
reveal optimized homogenous orientational distribution, as shown by the prevailing of solely
DET processes. However, the amide I/amide IT band intensity ratio of strep-MBH adsorbed on a
CsCOOH/CgOH-SAM displays a value in between C5COOH- and the positively charged SAMs.
Comparison of orientation estimations by means of amide I/amide II band intensity ratios and
electrochemical behavior demonstrates a discrepancies the case of strep-MBH immobilized on

negatively and hydrophobic surface.

In order to understand the origins of the similar amide I/amide IT band intensities, and hence dif-
ferentiate various strep-MBH binding anchors on these different types of charged and hydrophobic

surfaces, DFT calculations were used. This will be further discussed in section 4.3.7.
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Figure 4.8: Summary of SEIRA investigations on strep-MBH: (A) electrochemical activities on various SAMs obtained by cyclic voltammetry derived from SEIRA
experiments, for comparison pure electrochemical studies from section 4.2.1; (B) amide I band intensities derived from SEIRA spectra on different SAM surfaces. Each
single experiment is displayed by black dots (@), while the averaged values of entire SEIRA experiment data (A) are compared to the previously obtained electrochemical
activities on gold pen electrodes (A). (C) The averaged electrochemical activities are correlated to the mean amide T intensities for all SAM surfaces.
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4.3 Strep-MBH Orientation

4.3.1 Molecular Dynamics Simulation

As mentioned previously, the strep-MBH is characterized by a weaker dipole moment compared
to Og-sensitive ‘standard’ hydrogenases and lacks a distinct negatively charged surface patch
in the vicinity of the distal Fe-S cluster, which prevents a straightforward prediction of the ad-
sorption behavior. Experimental studies showed opposing results for adsorbed strep-MBH on
differently charged surfaces and non-charged SAM surfaces. Low catalytic activities with high
enzyme loadings and high catalytic activities with small enzyme loadings were observed (see
Table 4.6), which shows that for an efficient interfacial electron exchange between enzyme and
electrode, the protein orientation plays the most important role when attempting to achieve high
current densities. In this context, molecular dynamics (MD) simulations can be applied as an
accurate, well-established and computationally cheap technique to investigate the initial adsorp-
tion processes of biomolecules on surfaces,[208, 228, 229] thereby allowing coarse predictions of
protein orientations. MD provides insights into protein adsorption on an atomic level under the

assumption of a rigid protein structure, which cannot be resolved experimentally.

Protein-surface interaction energy landscapes were constructed for the most interesting interfaces:
C5COOH-, C5COOH/ CsOH-, CsNH,-, and C5CH3-SAM coated Au surfaces. The energetically
most favorable orientations were determined and used as the initial configuration for the MD
simulations. It should be noted that the resulting initial calculations are established for a rigid
MBH structure and can change dramatically when dynamic processes are taken into account,
such as changes in the protein’s dipole moment upon surface contact. [208] MD simulations were
therefore performed using both the experimental conditions and the solved crystal structure
of the purified hetero-dimeric strep-MBH in its reduced state as an input; these simulations
suggested one or more preferential orientation. , The C-terminal transmembrane o-helix and the
strep-tag were both not resolved crystal structure of the protein, presumably due to their high
flexibility.[59] This transmembrane a-helix consists of of 3 sequences: a hydrophobic membrane
anchor, a hydrophilic polar part and an additional strep-tag II peptide, which in total comprises
of 54 amino acids. The membrane anchor represents the first part of the C-terminal helical
extension of the small subunit HoxK and is essential for anchoring both the hydrogenase to
the membrane and to the cytochrome b unit, which is the natural electron acceptor. In the
present structural strep-MBH model, the hydrophobic membrane anchor, the hydrophilic polar
transmembrane extension and the strep-tag Il are modeled as an a-helix and as such included in
the MD simulations. In this way, all possible binding sites of the protein are taken into account
for when predicting surface adsorption on differently charged surfaces, thereby contributing to a

better understanding of this rather complex adsorption process.

4.3.2 Interaction Energy Landscapes for strep-tagged MBH binding

According to the energy landscape theory the protein folding and molecular binding are both
essential thermodynamically controlled processes. Electrostatic forces play an important role
in protein-surface interactions. Due to electrostatic interactions with charged amino acids, the
enzyme is attracted to the opposed surface charge. These long-range electrostatic interactions
provide a charge to charge related stabilization that funnels the landscape for binding and also

helps to steer the docking of statistically disordered proteins from the bulk to the surface.
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Figure 4.9: Interaction energy landscape between the strep-MBH and SAM-coated Au surface covered
by the following (A) CsCOOH, (B) CsCOOH/CsOH (C) C¢NH2 and (D) C5CHs monolayers. The in
vacuo interaction energy between rotated strep-MBH (in a 5 A distance to the SAM) in y- and x-axis to
the surface was calculated with the NAMD energy plugin for VMD provided by Dr. Tillmann Utesch/
Mroginski group.

Figure 4.9 shows the interaction energy landscape mapping all rotational conformations of strep-
MBH on various SAM-coated Au surfaces. Each conformation was constructed by rotating the
enzyme in 10° steps around the x-axis (® angle) and the y-axis (¥ angle), thereby remaining in a
constant separation distance of 5 A to the SAM. The blue areas represent the negative energetic
values, while red peaks define energy barriers.

The C5;COOH —SAM covered surface clearly exhibits the widest spreading energy minima areas
in light and dark blue. The excitation energy from the local dark blue minima to the light blue
energetic level is around 20 kJ/mol, which could be already transcended at room temperature.
The carboxyl-terminated SAM (pKa=6.3) is negatively charged, due to the deprotonation degree
of 16% under the chosen incubation conditions at pH5.5 (see section 4.2.1; Table 4.1).

The C;COOH/CgOH-SAM coated Au surface exhibits a lower charge density at the surface
compared to the CsCOOH-SAM. The corresponding energy landscape shows, in general, a flat-
ter distribution with respect to the entire rotation conformations. However, the related flatter
energy funnels are located at same positions in the energy landscape as observed for the interac-
tion of strep-MBH with a CsCOOH-SAM coated Au surface. The mixed C5COOH/CsOH-SAM
(ratio of 1:9, pKa=5.7) is slightly negatively charged, with a deprotonation degree of 37.5 % of
the carboxylic functional groups (-COO-) under the chosen incubation conditions at pH5.5 (see
section 4.2.1; Table 4.1).

The energy landscape of strep-MBH on a CgNH3-SAM coated surface shown in Figure 4.9C
represents the inverse landscape of the opposed charged C;COOH-SAM coated surface. In this
regard, the C¢NH3—SAM energy landscape exhibits a wide area with high energy barriers. Three
distinctive funnels can be observed and are separated by energy barriers of 45 — 60 kJ/mol,

which are required to transcend for a protein reorientation. Also, two of the three funnels reveal
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a similar initial protein orientation. The amino-terminated SAM (pKa=6.8) is mainly uncharged
under the chosen incubation conditions at pH7, which leads only to a protonation degree of only
8% (see section 4.2.1; Table 4.1).

Figure 4.9D shows the interaction energy landscape of strep-MBH with the hydrophobic C5CHs-
SAM coated surface. Although some local minima are exhibited, the landscape appears partic-
ularly flat. One explanation for the observed flatness in the energy landscape could arise from
a broad interaction area between the strep-MBH and the CsCH3-SAM surface. Besides, the
trend of the energy landscape is comparable to the pattern found for adsorbed strep-MBH on a
CsNH5-SAM coated surface.

The similarity of the generated energetic patterns for C¢NHs- and C5CH3-SAMs might result
from the very low charge of the NHs functional groups and the non-charged CH3 ones. However,
the observed overall flat energy landscape suggests a rather unspecific protein conformation on
the C5CH3-SAM, which is in sharp contrast to those of the C4NHsy-species.

In summary, the most negative energetic minimum is found for the CsCOOH-SAM surface with
-80 kJ /mol, even though this energy minima valley is distributed over a wider area. The C5CHs-
SAM covered surface, on the other hand, exhibits the flattest energy minimum of only -20 kJ /mol.
The most defined local minima are displayed for the NH-SAM coated surface due to the height
of the surrounding energy barriers.

4.3.3 MBH orientation on CgNH,- Interface
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Figure 4.10: (A) Interaction energy landscape between the strep-MBH and the C¢NH32-SAM coated
Au surface generated by stepwise rotation of strep-MBH around the x-axis (® angle) and the y-axis
(¥ angle) under maintenance of the separation distance to the SAM of 5 A. Additionally, funnels are
surrounded by red boxes in the energy map, which corresponds to the most favorable configurations
simulated for 50 ns resulting in two orientations (1 and 2) shown in (B) and (C), respectively. The
protein backbones of the large and small subunits are colored in magenta and green, respectively. The
Fe-S clusters (yellow/cyan) and the [NiFe] active site (dark blue/cyan) are indicated as spheres. The
C-terminal transmembrane helix consisting of a hydrophobic and a hydrophilic sequence including strep-
tag II are highlighted in cyan and orange, respectively. The SAM is depicted as blue-tipped sticks and
the Au film as yellow spheres. The resulting overall dipole moments of the differently adsorbed enzyme
molecules are displayed as red arrows (both exhibiting 800D). Simulated graphs are kindly provided by
Dr. Tillmann Utesch / Mroginski group.

In Figure 4.10A, the three favored initial orientations are comprised in the interaction energy

landscape by red boxes. Two of which are similar initial orientations, representing mirror images
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of each other and are labeled with the orientation number one (1). Another initial orientation
is displayed and marked by number two (2), which exhibits slightly higher energy minima than

orientation one (1).

MD simulations of these initial geometries were carried out for 50 ns and lead to two distinct dif-
ferent Re MBH orientations adsorbed on the CgNH2-SAM as displayed in Figure 4.10B-C. Both
orientations suggest an adsorption of the strep-MBH via the large subunit HoxG, while the entire
C-terminal transmembrane o-helix is repelled by the surface. The MD simulations demonstrate
the stability of the immobilized MBH dimer on the surface by the root-mean-square deviation
(rmsd) values, which were found to be less than 3.0 A compared to the initial state.[230] This is
consistent with the SEIRA spectroscopic results, thereby ruling out any denaturation of the im-
mobilized enzyme in both orientations. The interaction with the surface significantly reduces the
directional fluctuation of the enzyme’s dipole moment,[230] while its overall magnitude increases
during the adsorption process.[230] This finding emphasizes the necessity to consider the entire
enzyme-surface interaction in the MD simulation. However, further reorientations on larger time
scales cannot be entirely excluded. However, a reasonable stability of these states is indicated

by a quasi-static orientation of the enzyme’s dipole moment with respect to the surface.

In orientation 1 (Fig. 4.10B), the strep-MBH binds through its small adjacent large and small
subunits to the surface, is facing towards the monolayer with by facing its distal iron-sulfur
cluster and theits slightly negative charged encompassing patch are facing towards the mono-
layer. This seems to represent an orientation still appropriate for a slow direct electron transfer
between strep-MBH and the electrode, which experimentally was observed. Orientation 2 (Fig.
4.10C) binds again via its large subunit to the surface, contrarily to orientation 1, its distal
iron-sulfur cluster pointing towards the solution and away from the electrode surface. Thus, the
underlying electro-catalytic processes in an orientation like No. 2 would require the presence of
redox mediators in the bulk solution to shuttle electrons between the distal Fe-S cluster and the
electrode. Consequently, orientations 1 and 2 might be attributed to the fractions of strep-MBH
molecules undergoing direct and mediated electron exchange with the electrode, respectively,
as observed experimentally for strep-MBH adsorbed on CgNHs-coated Au-electrodes previously,
vide supra. As depicted in Figure 4.11A, also SEIRA experiments indicated a mixture of different

orientations, which might relate to those capable for direct and mediated electron transfer.

However, when the electrode potential was set to -340 mV [versus the standard hydrogen elec-
trode (SHE)] for five minutes prior to the voltammetric measurements, a slight but reproducible
increase (15%) of the catalytic current related to direct electron transfer was observed (Figure
4.11B). This pretreatment step was accompanied by a change of the amide I/amide II band
intensity ratio in the SEIRA spectrum (Figure 4.11C), reflecting a potential-induced reorienta-
tion of the immobilized protein at -340 mV. This potential is still sufficiently positive to prevent
reductive SAM desorption (see appendix Fig. A.7). Obviously, as a result of this preactivation
step, some initially electro-inactive enzyme molecules have adopted an orientation that allows
now direct electron transfer. Consistently, the catalytic current remained virtually unchanged

upon
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Figure 4.11: Voltammetric traces of Re MBH immobilized on CsNHa-coated Au electrodes in the
presence of H,-saturated buffer: (A) measured before (black) and after (blue) addition of methylene
blue; (B) measured before (red) and after (blue) addition of methylene blue with a subsequent 5 min
preactivation step at -340 mV in the presence of Hy. All voltammetric measurements were carried out at
room temperature with a scan rate at 5 mV s'. (C) SEIRA spectra characteristic for the amide region
recorded before (solid black), after (dashed black), and during (red) the preactivation at -340mV under
H>. The inset shows the corresponding stretching vibration of the CO ligand bound to the active site
prior (solid line) and after (dashed line) preactivation in oxidized state. Black spectra were recorded at
OCP (4260 mV). Potentials are given with respect to the standard hydrogen electrode (SHE). All CVs
and SEIRA spectra were monitored at 25 °C.

subsequent addition of a redox mediator (Figure 4.11B, blue trace), pointing towards a more
homogeneous orientation of throughout electro-active adsorbed enzyme molecules. Subsequent
to the CV measurements, a buffer exchange was carried out, with the aim to remove all residual
H, gas and to change the atmosphere to oxygen (air). In such way, the solution potential was
again increased to oxidizing conditions [OCP: 4260 mV]. Thereby, the reorientation of the protein
was reversed as suggested by the corresponding SEIRA spectrum, restoring a similar spectrum to
those recorded before preactivation (Figure 4.11C). During the entire processes, the integrity of
the active site was almost fully preserved (up to 75%), which could be derived from the relative
intensity change of the CO stretching mode of the Ni,-B state (inset of Figure 4.11C).

Such as for the strep-MBH adsorption on NHa-terminated SAM, also the corresponding interac-
tion with CgNHy/CgOH-coated surfaces revealed high amide band intensities, as well as major
MET contributions compared to those of DET in ratios of 1.5:1 and 4:1, respectively. By means
of AFM, it could be verified that the protein loading is correlated with the amide band inten-
sities and the protein molecules are well distributed on the surface in form of single strep-MBH
units. Thus, it can be assumed that all MBH molecules are directly adsorbed onto the surface.
This is in line with the related MD simulations for strep-MBH immobilization on a CgNHs-SAM
suggesting two orientations as displayed in Figure 4.11. Since different time constants can be
considered for either a direct, one-step ET or a two- or even multi-step and diffusion limited
MET process, an accurate quantification for each enzyme fraction in orientation 1 and 2 cannot
be determined here. Therefore, the effect of the orientation 1 and 2 on the interaction path-
way with the electrode could only be discussed qualitatively. In general mixed C¢NHy/CgOH—
coated surfaces behave very similar to the pure C¢NHso—coatings and were therefore not further

investigated on a theoretical level.
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4.3.4 MBH orientation on CsCOOH - Interface

Contrarily to the previously described scenario, when the enzyme is placed on the CsCOOH-
SAM, the subsequent MD simulation predicts an adsorption of the strep-MBH via the positively
charged anchor points at the strep-tag (Figure 4.12B). Further, the hydrophilic part of the
transmembrane a-helix is also positively charged and might also interact with the surface. The
distance between distal Fe-S cluster and Au surface is suggested quite large due to the repulsion
between the surface charges and those of the dimer subunit with its weak negative patch located
closely to the terminal Fe-S cluster. In this case, the distances of the active site Ni-atom and
the distal Fe-S cluster to the Au surface are calculated to be 73.9 + 1.0 A and 65.1 + 1.2 A,
respectively. In this illustrated model, the presence of any direct electron transfer reactions
should be ruled out. Figure 4.12B displays the simulated conformation after 100 ns. During the
100 ns MD simulation, the heterodimer MBH subunits were rotating around the bound helix

under retention of the tail-SAM interaction.

Figure 4.12: (A) Interaction energy landscape between the strep-MBH and the C5COOH-coated Au
surface. (B) Predicted structure of strep-MBH adsorbed on C5COOH-coated Au surface after 100 ns
MD simulation starting from the initially most favored configuration. The protein backbones of the large
and small subunits are colored in magenta and green, respectively. The Fe-S clusters (yellow/cyan) and
the [NiFe] active site (dark blue/cyan) are displayed as spheres. The C-terminal transmembrane helix
consisting of hydrophobic and hydrophilic sequence including strep-tag II are highlighted in cyan and
orange, respectively. The SAM is depicted in form of cyan colored sticks with red tips (indicating the
oxygen) and the Au film as yellow spheres. The resulting overall dipole moment of the adsorbed enzyme

molecule is displayed as a red arrow (814 D). Graphs were provided by Dr. Tillmann Utesch/ Mroginski
group.

This suggests a high flexibility of the a-helix allowing translational and rotational motions of the
protein backbone itself without direct interaction with the surface. This observed freedom with
respect to smaller motions of the MBH subunits, which does not affect the binding interaction
of the dimer. This can be particularly important for the involved ET processes if the enzyme
can vary its relative distance to the Au surface. Preliminary studies of Dr. Tillmann Utesch/
Mroginski group based on coarse-grain simulations, which allow longer simulation times, indeed
indicate such a dynamic behavior for the bound MBH. By such motions, the distance between

distal Fe-S cluster and surface could in principle be reduced to levels which allow electron tun-
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neling so that DET should be observable depending on the strength of repulsion between surface
and enzyme. Results from the electrochemical studies, clearly reveal that exclusively DET takes
place, vide supra. On the other hand, a binding via the strep-tag tail to the surface would involve
only a few anchor points, which in turn raises questions regarding the amount of adsorbed en-
zyme and the binding strength, which however experimentally seems to be stable. In general, the
energy landscape exposes more an energetic minimal area of possible orientations than a global
or local minimum for a specific orientation. It should be noted, that the simulation was carried
out under the assumption of a rigid protein structure, however, the strep-tag helix itself exhibits
a high inherent flexibility and could thus change the energy landscape drastically. Preliminary
results from coarse-grain simulations by Dr. Tillmann Utesch/ Mroginski group also revealed a
certain flexibility of strep-MBH upon the adsorption process, when the transmembrane o-helix,
carrying the in sum positively charged hydrophilic part including the partially with positively
charged residues equipped strep-tag tail, docks to the C5COOH-coated Au surface. The posi-
tively charged key residues which can be involved in the binding are such as for example within
the strep-tag: arginine (K318), tryptophan (K321), serine (K322), histidine (K323), glutamine
(K325), lysine (K328).
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Figure 4.13: Voltammetric traces of Re strep-MBH immobilized on C5sCOOH -coated Au electrodes in
the presence of Ho-saturated buffer: (A) measured before (black) and after (red) a 5 min preactivation
step at -340 mV. All voltammetric measurements were carried out at room temperature with a scan
rate at 5 mV s'. (B) SEIRA spectra displaying the amide I and II band region, which were recorded
before (black) and during (red) the preactivation step at -340mV under H, and the related blue-colored
difference spectra [red - black]. (C) SEIRA spectra shown in the same amide band region, which were
taken before (solid black) and after (dashed black) the preactivation step at -340mV under Ar. The inset
shows the corresponding stretching vibration of the CO ligand at the active site prior (solid line) and
after (dashed line) preactivation in oxidized state. These spectra were recorded at OCP (4260 mV). All
CVs and SEIRA spectra were monitored at 25 °C.

As previously described for the strep-MBH binding process on NHa-terminated surface (see sec-
tion 4.3.3), also in the present case of strep-MBH immobilization on a CsCOOH-SAM, a potential
step is applied prior the CV investigations, as shown in Fig. 4.13A. Contrary to the earlier find-
ings on positively charged surfaces, the current density is not affected by the “preactivation”
step (Fig. 4.13A). SEIRA spectroscopy reveals only slight changes in the spectral region of the
amide bands before activation (black curve) and during activation (red curve) displayed in Figure
4.13B. The potential-dependent difference spectrum (blue trace), derived from the subtraction
of the spectrum of adsorbed strep-MBH on C5;COOH-SAM after adsorption at OCP (4260 mV)

85



from the corresponding spectrum at -340mV, confirms a maintenance of the strep-MBH binding
to the surface under preservation of the native protein structure via the integrity of the amide
bands. After the potential was switched to -340 mV, a negative band at 1734 cm™ and a posi-
tive band at 1694 cm™ are observed, which can be assigned to the C=0 stretching mode of the
protonated species of the carboxylic end group. Already in the work of Natt Wisitruangsakul
the pure C5COOH-SAM was studied under potential influence, whereby bands occurred at 1690
em™ and 1734 cm™. Thus, it can be concluded that these bands detectable within the potential
step, derive only from structural changes the CsCOOH-SAM functional group. As described
by the electrostatic model of Smith and White, applied positive potentials at the Au electroe
induce a charge compensation, involving the C5COOQO" functional groups and thus result in a
change of the protonation degree.[159, 231] In this respect, a potential above the PZC will lead
to a deprotonated C5sCOOH-surface. Whereas, with decreasing potentials, in particular, below
PZC, the charge compensation will form a protonated C5COOH-SAM. This phenomenon can
be spectroscopically detected on the basis of the negative band formation at 1734 cm™, which is
observable at negative potentials, already below +130 mV (vs SHE).[232] This is in line with the
determined PZC around -0.13 mV (vs SHE).[233, 234] The increasing band at 1694 cm™ suggests
the formation of a second protonated species, exhibiting this particular ¥(C=0) stretching mode
frequency. It might be related to the case of a missing hydrogen bridging to the C=0 group, when
the SAM is only partially deprotonating, as sketched in Figure 4.14A. Unfortunately, frequen-
cies around and below 1470/1430 cm™, which are representative of the deprotonated carboxyl
functional group (-COO"), could not be accurately analyzed as the spectral contributions of the
Si-O stretching modes of the prism interfered strongly in this range. This is due to a reduced
transmission of the prism at lower frequencies, leading to an enhanced sensitivity with respect
to temperature fluctuations. However, a weak negative band at 1548 cm™!, characteristic for
asymmetric stretching vibration of the deprotonated carboxylic anion species was observed by
Wisitruangsakul in her work on potential-dependent changes in an Au bound CsCOOH-SAM
monitored by SEIRA difference spectroscopy.[232]

Subsequently to the CV measurements, a buffer exchange was carried out with an air-saturated
buffer solution in order to remove all residual Ho, thereby the potential reached oxidizing con-
ditions [OCP: 4260 mV]. As a consequence, the reorientation of the protein was reversed, as
indicated by the corresponding SEIRA spectrum. However, a permanent change in the deproto-
nation degree of the SAM could be observed in comparison to the situation before the potential
step, which can be monitored by the negative band at 1734 cm™ (Figure 4.13C). Furthermore,
the amide I and IT bands lost slightly in intensity after this treatment, suggesting a certain
potential induced protein loss as a consequence of the long-term application of an external po-
tential. During the entire processes also the integrity of the active site seems to be strongly
affected, shown by the absence of CO and CN stretching modes of the Ni,-B state proposes a
complete loss (inset of Figure 4.13C). Alternatively, and more likely, due to an electrochemically
monitoring of the enzyme activity just before spectrum acquisition, the modified surface charge
may have enlarged the distance from the enzyme to the surface, which would according to the
distance dependence of the surface enhancement lead to an intensity decrease of amide I/amide

II bands as well as active site bands.
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Figure 4.14: Sketch of the deprotonation process taking place at the CsCOOH-SAM: (A) fully depro-
tonated SAM with characteristic bands corresponding to asymmetric and symmetric stretching modes
for carboxylate anion, 1548 cm™ and 1409 cm™, respectively, as well as a combinatory vibration at 1435
cm™ of symmetric v(COO™) and CH. scissors bending, (B) partially deprotonated SAM revealing two
(C=0) stretchings of the protonated species at 1694 cm™ and 1734 cm™, (C) fully protonated SAM
exhibiting a (C=0) stretching vibration at 1694 cm™.

4.3.5 MBH orientation on CsCOOH/CgOH - Interface

Experimentally, the C;COOH/CgOH-surface presented previously the highest catalytic current
densities involving DET of the adsorbed strep-MBH on all studied surfaces. This negatively
charged surface contains a less dense charge distribution at the SAM surface, i.e. only 1/9 are
carboxylic functional groups, in comparison to the pure CsCOOH-SAM. When the enzyme is
placed on the C5CO0™/CsOH-SAM as observed on the pure C5COOH-SAM, several positive

charged amino acids can act as anchor points on the slightly negative charged surface.
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Figure 4.15: (A) Interaction energy landscape between strep-MBH and the C5COOH/ CqOH-SAM
coated Au surface. (B,C) Predicted structures of strep-MBH adsorbed on a mixed C5COOH/CgOH-
SAM originating from two oppositely oriented initial configurations derived from the energetic minima
in (A) and simulated for 15 ns (B) and 100 ns (C), respectively. The protein backbones of the large
and small subunits are colored in magenta and green, respectively. The Fe-S clusters (yellow/cyan) and
the [NiFe| active site (dark blue/cyan) are indicated as spheres. The C-terminal transmembrane helix
consisting of hydrophobic and hydrophilic sequence including strep-tag II are highlighted in cyan and
orange, respectively. The SAM is depicted in form of cyan colored sticks with red tips (indicating the
oxygen) and the Au film as yellow spheres. The resulting overall dipole moments of the adsorbed enzyme
orientation 1 and 2 are displayed as red arrows (603 D and 695 D, respectively). Graphs were provided
by Dr. Tillmann Utesch/ Mroginski group.

Similarly to the pure CsCOOH -SAM, MD simulation predicts an adsorption of the strep-MBH
via the positively charged strep-tag extension on C5sCOOH/CzOH-SAM. Figure 4.15B and C
exhibit snapshots after 15 ns and 100 ns simulation time, respectively, which originate from
the two most diverging initial orientations predicted by the energetic minima in Figure 4.15A.
Figure 4.15B displays an interaction of the transmembrane helical extension with the surface
even after short simulation times. Contrarily, the simulation with an initial orientation, where
the transmembrane helix points towards the solution, seems to be still not completed within
the time frame of 100 ns (Figure 4.15C). However, ongoing axial rotation of the MBH molecule
around its axis indicates the tendency to continuously turn in such way that the transmembrane
helix is moved towards the electrode surface and might finally bind via the affinity-tag as shown

in orientation 1.

The orientation 1 in Fig. 4.15B suggests a significantly reduced distance between the pro-
tein backbone and SAM-covered Au surface, compared to strep-MBH on pure C5COOH-SAM.
Hereby, the lower charge density at the surface might result in a weaker repulsion between surface
and in particularthe slightly negative charged patch close to distal Fe-S cluster. Therefore, the
distance for the interfacial ET pathway decreases and DET between strep-MBH and the elec-
trode surface is expected to be increased. As a result, strep-MBH on C;COOH/CgOH-coated
surface should yield higher current densities compared to strep-MBH on pure CsCOOH-SAM,
which was then indeed observed in the CV studies (see section 4.2.1).

It should be noted that the configuration in Fig. 4.15B is suggested only after a 15 ns long MD

simulation, therefore additional changes in distance, occurring after these 15 ns, still have to be

considered.

Besides the effect of a faster interfacial ET, the reduction in distance also would also increase the
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option of additional anchor sites by the hydroxyl functional groups for a polar surface interaction
of the strep-MBH backbone structure. In addition, interactions with hydrophobic sides as well
as van der Waals forces could potentially contribute to a stronger binding of the enzyme, as
desorption experiments at higher ionic strengths did not show any significant desorption effect.
The interacting binding anchors of the strep-MBH are the same as suggested by MD simulation
for strep-MBH on C;COOH-SAM. Additionally, as in the vicinity of the distal Fe-S cluster,
present amino acids with negatively charged residues can interact with the polar, but neutrally

charged functional groups of the hydroxyl functional groups of the mixed CsCOOH/CgOH-SAM.
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Figure 4.16: Voltammetric traces of Re strep-MBH immobilized on CsCOOH/CgOH-SAM coated Au
electrodes in the presence of Ha-saturated buffer: (A) measured before (black) and after (red) a 5 min
preactivation step at -340 mV in the presence of Ha. All cyclic voltammetric measurements were carried
out at room temperature with a scan rate at 5 mV s (B) SEIRA spectra displaying the characteristic
region of amide I and II bands recorded at OCP (+260mV) before (solid black), during the preactivation
at -340mV under Hy (red) and after buffer exchange OCP (+260mV) and additions of KCl buffer (3M)
at (dashed black). (C) Corresponding SEIRA spectra displaying CO and CN stretching vibrations from
the active site prior (blue) and after additions of KCI buffer (grey) in the oxidized state. Both spectra
were recorded at OCP (4260 mV). All CVs and SEIRA spectra were monitored at 25 °C.

When the electrode potential was set to -340 mV [versus SHE] for five minutes prior to the
voltammetric measurements, a tremendous and reproducible increase (2.3 times higher) of cat-
alytic current related to direct electron transfer was observed (Figure 4.16A). This current rise
was accompanied by an increase of the amide I and amide II band intensities of 33% and 14%,
respectively, see Fig. 4.16B. Besides the observable band increase, also the corresponding amide
I/amide II ratio changes from 1.15 to 1.34 during the potential pretreatment. In line with the
distance dependence of to the enhancement effect, these two observations, an intensity increase
of the amide bands and a change of their relative ratio, in the SEIRA spectra suggest a re-
arrangement in which the entire enzyme with its flexible tail is brought closer to the surface.
Further, the remarkable increase in current density indicates a convergence of the strep-MBH
towards the electrode including a rearrangement resulting in a more favored orientation of the
distal Fe-S cluster for faster DET. The close surface proximity of the strep-MBH is revealed in
the subsequent desorption experiment after the CV studies (Figure 4.16B). Only by an addition
of KCI buffer (3M), a recovery of the original amide band intensities and the corresponding
ratio could be accomplished. The need of higher ionic strengths demonstrates the presence of

a potential-induced electrostatic interaction between surface and MBH. The fact that the re-
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orientation process, which resulted in a closer binding towards the surface, could be reversed,
demonstrated by the retrieval of the initial values of amide band intensities prior to the potential
step, implies the initiation of an additional electrostatic binding interaction to the strep-MBH.
The latter is presumably related to an anchor patch, which is located in close proximity to the
Fe-S cluster, thereby allowing lower energy barrier for electron tunneling, i.e. DET. A proto-
nation of the carboxyl functionalities in this mixed CsCOOH/CgOH-SAM within the potential
steps down to -340 mV could not be unambiguously monitored by spectroscopy due to its lim-
ited amount in the 1:9 carboxylic to hydroxyl mixed SAM. However, it is very likely that this
effect will take place, just as observed for the pure C5COOH. In such way, the negative charge
distribution will be reduced at the surface and thereby the repulsion with respect to the slightly
negative charged patch close to the distal cluster will be further decreased and might therefore

provide further binding anchors for the strep-MBH.

By the increase of the ionic strength of the buffer solution, the reorientation of the protein
could be completely reversed, as indicated by the corresponding SEIRA spectrum, which is
very similar to that, was measured prior to the preactivation step (Figure 4.16B). Figure 4.16C
displays the corresponding spectral region characteristic for the active site, before preactivation
and after KCl additions, thereby showing that the integrity of the active site is preserved up to
30%. Interestingly, as derivable from the inherent and changed relative ratio of the CO and in
particular the CN stretching modes, it is likely, that a different conformation of strep-MBH at

the surface is formed.

4.3.6 MBH orientation on C5CH3s- Interface

The orientation of strep-MBH on a C5CHgs-surface is of particular interest; as such a surface mim-
ics the hydrophobic membrane chore of the lipid bilayer, in which native strep-MBH is attached
via the membrane anchor of the transmembrane helix. The previous SEIRA studies indicated
similarities with the adsorption processes carried out on CsCOOH- and C;COOH/CsOH-SAM
covered surfaces based on the observable amide I/amide IT ratios (see section 4.2.2.1). Although
the energy landscape shown in Figure 4.17A, displays an energetic pattern similar to the one for
strep-MBH on a C4gNH3-SAM, however with a flatter energy distribution, the subsequent MD
simulation reveals a hydrophobic interaction between the membrane anchor of the transmem-

brane helix within the uncharged surface (Figure 4.17B).

In such way, MD simulations suggest an interaction of the entire flexible helix tail consisting of the
large hydrophobic membrane anchor and a shorter strep-tag II tail with the surface, exhibiting
a similar scenario as observed for strep-MBH immobilized on C5sCOOH- or on C;COOH/CsOH
- SAMs. In the present case, the anchor points derive from the hydrophobic helical membrane
anchor, which interacts with the hydrophobic surface. Although the specific snapshot displayed
in Figure 4.17B exhibits a distal Fe-S cluster close to the surface, this is only one of the possible
orientations, as the energy minima clearly imply a broad orientation distribution, in all of which
the helical membrane tail retains his function as a binding anchor to the CsCHgs-hydrophobic

surface.
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Figure 4.17: (A) Interaction energy landscape between the MBH and the Cs CHs-coated Au surface. (B)
Predicted structure of Re strep-MBH, which corresponds to the most favorable configuration in (A) after
50 ns simulation time. The protein backbones of the large and small subunits are colored in magenta
and green, respectively. The Fe-S clusters (yellow/cyan) and the [NiFe] active site (dark blue/cyan) are
indicated as spheres. The C-terminal transmembrane helix consisting of hydrophobic and hydrophilic
sequence including strep-tag II are highlighted in cyan and orange, respectively. The SAM is depicted
as white-tipped sticks and the Au film as yellow spheres. The resulting overall dipole moment of the
adsorbed enzyme molecule is displayed as a red arrow (263 D). Graphs are provided by Dr. Tillmann
Utesch/ Mroginski group.

Experimental data indicated mainly MET processes with almost no contributions of DET (ratio
of DET:MET ~ 1:6) (see section 4.2.1) and also the SEIRA spectra display amide band intensities
revealing a binding affinity of the enzyme for this type of surface (see section 4.2.2), leading to
reasonable protein adsorption. Only lower energy barriers, which might be easily transcended
at working temperature (277-298 K), are presumably the reason for such a broad distribution
of different orientations. Further, it can be taken under consideration that an incorporation of
the hydrophobic tail into the hydrophobic spacer of the SAM is possible. This scenario was also
under consideration in the in the studies of Ae MBH immobilization on Au-SAMs in the work of
Ciaccafava et al. [64], where also an adsorption of Ae MBH on hydrophobic SAM surfaces was
observed.
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4.3.7 DFT Calculations

The large, isolated C-terminal o-helix, which consists of 54 C-terminal amino acids (76 kDa),
defines about 7% of the whole MBH (98 kDa), and therefore represents a considerable fraction
of this enzyme. Preliminary Density Functional Theory (DFT) calculations of polarization de-
pendent IR spectra were carried out exemplarily on a a-helix, which consists of a sequence of
10 amino acids (alanines), performed by Dr. Jacek Kozuch/ Hildebrandt group, which are in
line with the work on o-helix orientation by Marsh.[235]Figure 4.18B displays the calculated
spectrum which is polarized parallel to the long axis of the a-helix (xy-plane) and the other one
with a polarization direction perpendicular to the o-helix (z-axis). These spectra correspond to
the related s- and p-polarized ATR spectra of an orientated o-helix sample and can be compared
to the large isolated transmembrane o-helix of strep-MBH. The direction of the dipole moment
of the a-helix is practically identical with the helix axis of the C-terminal transmembrane tail.
The calculated spectrum of o-helix is generated by averaging the spectra which were calculated
for an alignment of the o-helix in the xy-plane. Spectra calculated in such way for xy-plane
and z-axis polarizations are suitable for a comparison with the SEIRA spectra. The a-helical
structure is similar to the present inherent C-terminal a-helix structure which is located as the
transmembrane tail close to the distal Fe-S cluster of strep-MBH, and consists of a 54 amino acids
sequence, including the affinity strep-tag as an extension. The respective calculated spectra are
displayed in Figure 4.18 and reveal high amide I/amide II band intensity ratios around 10-20 to
1 for a dipole axis of o-helix which is perpendicularly oriented onto the surface. In the case of an
orientation of the a-helix dipole axis parallel to the surface the corresponding amide I/amide 1T
band intensity ratio becomes smaller than 1, around 0.9-0.8. Hence, an interaction of the isolated
transmembrane a-helix with the Au-SAM surface or just a very close proximity could already
affect the amide I and amide II ratio in the SEIRA spectrum due to distance dependence of the

surface enhancement effect of the nanostructured Au electrode.
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Figure 4.18: DFT calculated (A) IR spectrum of an isolated 10 alanine o-helix, (B) polarization depen-
dent IR spectra of the isolated a-helix in its xy-plane (red) and along the z-axis (yellow), respectively. (C)

The corresponding illustration of this a-helix when it aligned in xy- (red) or z-plane (yellow), respectively.

As the strep-MBH harbors a mixture of various secondary structure elements, an unambiguous
and absolute determination of the strep-MBH orientation cannot be accomplished. However, a
comparison of amide I/amide II band ratios between strep-MBH adsorptions on various SAM
surfaces indicates similarities regarding the enzyme orientation. The contribution of amide I
and amide II intensities in the SEIRA spectra of the adsorbed strep-MBH are based on the
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combination of the predominantly unordered secondary structure elements of enzyme backbone
as well as the loose and quiet large transmembrane o-helix. Hence, by means of the distance-
and angular-dependencies of the surface enhancement effect, the helix can contribute to a greater
extent to the SEIRA spectrum and thus the difference in amide I/amide II ratios on various SAMs

can indicate the involvement of helix-surface interactions.

Figure 4.19 displays the spectral amide I and II band region of the MBH in solution (A) with an
isotropic orientational distribution as well as those of adsorbed enzymes on an oxidized Si-prism
in the absence of the gold film monitored in the ATR mode with unpolarized IR light (B). In
this case, the applicability of any surface selection rule can be excluded, and therefore also the
presence of any orientational selectivity. Both displayed spectra reveal an amide band intensity
ratio of 1.38 and 1.36, respectively. The adsorbed strep-MBH on CgNHsy- and CgNH,/CgOH-
terminated surfaces (Fig. 4.19C,D) exhibit similar ratios of 1.3, close to the ratio observed for
the MBH in solution. Unlike the positively charged surfaces, the specific amide band intensity
ratios for an enzyme binding on C5COOH- and C5CHgs— terminated SAMs exhibit values of 1.0
and 0.98, respectively. The larger spectral contribution of amide II for the latter two surfaces
compared to the positively charged SAMs could indicate a parallel helix in close to the enhancing
Au surface, as suggested in Fig. 4.18B. This correlates very well with the proposed orientations
by MD simulations in which the strep-MBH binds directly via the partially positive charged
hydrophilic sequence of the transmembrane helix to the on C5sCOOH- and C5CHgs-surfaces. In
contrast, the higher values of amide I/amide II on positively charged SAMs would therefore
exclude the helix interaction accordingly to the DFT calculations (Fig. 4.18). The similarity of
the amide I/amide II ratios of strep-MBH on positively charged SAMs and strep-MBH in solution
may confirm the far distance from helix to surface, as well as representing the heterogeneous
orientational distribution originating from the predominantly unordered secondary structure of
enzyme backbone rather than the transmembrane helix. The conducted MD simulations suggest
already a direct interaction between protein backbone and surface, excluding any binding via

the helical tail, always in a significant distance from the Au-SAM surface.

The amide I/amide II band intensity ratio of 1.14 observed for the strep-MBH bound to a
C5COOH/CgOH terminated surface lies in between the two previously discussed scenarios. As
discussed in section 4.2.2.1, comparing to strep-MBH on pure C5COOH- SAM, the strep-MBH
on C5COOH/CgOH-SAM binds also via the transmembrane helix to the surface, although the
enzyme backbone is suggested in closer surface proximity due to the lower enzyme-surface repul-
sion by the lower negative charge density of the diluted SAM surface. Therefore, a higher spectral
contribution of enzyme backbone can be assumed, which agrees well with the MD simulation as
well as with the suggested spectral contribution for a parallel and in close surface vicinity located

transmembrane helix by DFT calculations.

4.3.8 Conclusions

MD simulations suggest either an electrostatic binding directly to the MBH backbone or a
binding via the transmembrane o-helix and its strep-tag extension. None of the conducted MD
simulations indicate a denaturation of the protein structure, which is reflected by a rmsd value
comparable to the non-adsorbed protein.[230] The large variations in the protein-cofactor-to-
surface distances have a significant effect on the intensity of the spectroscopic signals for both

the protein backbone and the active site, as well as on the observable catalytic currents.

This suggests that the strep-MBH, with its partially negatively charged amino acids in close
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Figure 4.19: Spectra displaying the IR region characteristic for amide I and II modes of strep-MBH
recorded via (A) a thin layer transmission cell in solution, (B) the ATR mode after adsorption on an
oxidised Si-prism and SEIRA spectroscopy after immobilisation on a nanostructured Au surface coated
with (C) C¢NHz,(D) C¢NH2/CsOH,(E) CsCOOH,(F) CsCOOH/CsOH, (G) C5CHs. All amide I/ amide

II ratios derived from this spectra are depicted in a small Table (H).

vicinity of distal Fe-S cluster, would be better immobilized on a positively charged surface in
terms of both the electrochemical and spectroscopic response. It is also anticipated that a
binding to negatively charged surfaces can be accomplished via the partial positively charged
hydrophilic sequence and strep-tag extension of the transmembrane helix, thereby also providing

good electrocatalytic function.

A binding via the latter exhibits the highest observable enzymatic efficiencies, explained by the
restricted but sufficient flexibility for rotation and slight translation movements as observed for
strep-MBH on the CsCOOH/CgOH-terminated SAMs. This SAM revealed the highest current
densities during electrochemical probing and the highest amount (100%) of DET by a stable and
selective binding, therefore the distal Fe-S cluster is situated close to the electrode surface during

potential application.

A further binding mechanism of the strep-MBH on C5COOH-terminated SAMvia the flexible
transmembrane tail is suggested by the MD simulations and supported by DFT calculations
regarding spectral proofs for such an orientation. The widely spread energetic valleys represent

a broad range of favorable strep-MBH conformations on the surface via a transmembrane helical
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binding. This was confirmed by recent coarse grain simulations by Dr. Tillmann Utesch (AK
Mroginski). The 1:9 mixture of CsCOOH/CsOH-terminated SAM and the concomitant decrease
of negative charges, however, lead to moderate enzyme coverage and resulted in reproducible

highest current densities.

Strep-MBH adsorbed on C¢NHy— and on C¢NHs/CgOH-terminated SAMs reveals in both cases
a narrow distribution of binding modes to the surface, which is represented by the well-defined
energy landscape for the NHo—terminated SAM with distinct energetic minima. Experimentally it
can be observed that these modes can be homogenized by slight potential-induced rearrangements
on the surface leading to increased and solely DET. These surfaces display the highest protein
coverages of all studied SAM-surfaces. The potential-induced rearrangements and hence resulting

DET current densities remain small compared to overall efficiencies for lower loadings of strep-
MBH on C5COOH/CgOH-SAM

Strep-MBH adsorbed on C;CHgs-terminated SAM displays a binding via the hydrophobic se-
quence of the transmembrane tail, as indicated by MD simulations as well as the correlation
of the low amide I/amide II ratio exhibited in the SEIRA spectra with DFT calculations. Due
to the extremely flat energy landscape for enzyme orientations on the surface, axial rotations
under maintenance of the surface interaction with the hydrophobic tail would allow a broad dis-
tribution of strep-MBH orientations and this is supported by the observably predominant MET
contribution. DFT calculations of polarization dependent IR spectra on an isolated o-helix in-
dicate an arrangement of such a helix parallel to the Au surface. In summary, the correlation of
MD simulations with the observed experimental data indicates a binding anchor via the isolated

transmembrane tail, and this was further confirmed by DFT calculations.

For such large and complex proteins such as the strep-MBH which even harbors a flexible, C-
terminal tail and an additional affinity-tag, it is not feasible to relate to a simple linear correlation
between enzyme loading on the electrode surface and recorded catalytic efficiency; in the present
case the experimental data even reveals the opposite trend. What is much more important in this
context is an understanding of the underlying orientation mechanisms as the key for an efficient
energy output in the field of enzyme-based fuel cells. In its native environment the Re MBH
is somehow constricted by the incorporation of its cytochrome b unit into the cell membrane;
according to MD simulations the purified hydrogenase heterodimer however exhibits increased

flexibility regarding rotational and slight translational motions on the SAM-coated electrode.

The results obtained in this work demonstrate that the diluted negative charges as displayed
by the C5COOH/ CgOH-terminated SAM surface are beneficial for high performances with
respect to Hs oxidation and future biotechnological applications, such as in bio-fuel cells. In
this regard, metal oxides exhibiting inherently negatively charged surfaces might provide an
alternative platform as biocompatible, low-cost electrodes for strep-MBH immobilization. High
current densities at low over-potential can be accomplished when the enzyme molecules are
directly connected to the electrode, which is feasible with various metal oxide materials and
should be studied as an alternative platform. The related investigations will be discussed in

chapter 5 and 6.
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4.4 Mechanistic Impact into MBH

The majority of spectro-electrochemical studies have used hydrogenase in solution either with
[12, 63, 209] or without [236, 237] redox mediators. However, solutions are likely to suffer
from substrate depletion and limited electron delivery despite mediators.[33] SEIRA spectro-
electrochemical studies combine the options of an electrochemical control of a protein film with

the structural insight provided by surface-enhanced IR spectroscopy.

Recently, another spectro-electrochemical approach has been developed in the group of Vincent
applying a typical FTIR-ATR set-up for in situ spectro-electrochemical studies on enzymes
adsorbed on carbon particles.[236] SEIRA spectroscopy has been widely used to study redox
enzymes immobilized on gold electrodes. [209, 106, 67, 104, 238, 239, 107] Notably, the activation
of the membrane-bound NiFe hydrogenase from Desulfovibrio vulgaris Miyazaki F (DvMF) in
the presence and absence of He was monitored with this technique, thereby proving the redox

transition Ni,-B/Ni,-S by probing the corresponding IR bands.[62]

Since Re strep-MBH on NHs-terminated SAMs resulted in reproducible high enzyme loadings
at the surface, concomitant with high active site absorption intensities (see section 4.2.2), this

adsorption condition is used for the following studies, exemplary for mechanistic insights into Re
MBH.

4.4.1 Adsorbed MBH under Turnover Conditions
Table 4.7 displays the characteristic wavenumbers of the stretching vibrations assigned to the
active site diatomic CO and CN- ligands in different redox states, which are discussed in the

following section in more detail. The proposed catalytic cycle is described in more detail in
chapter 2.1.1.5.

Table 4.7: Characteristic wavenumbers of the corresponding CO and CN stretching vibrations

assigned to the various redox states of purified MBH samples as described in literature

redox states  voo / cm™ YON, / cm™ VONy / ecm™  reference

Niu-S 1943 2082 2104 [5]
Nir-B 1948 2081 2098 [5, 240]
Nir-S 1936 2075 2092 204, 240]
Nip /- 1936 2075 2093 [5]
Nia-C 1957 2074 2094 [5]
Nia-SR 1948 2068 2087 [5]
Nia-SR’ 1926 2049 2075 [5]
Nia-SR” 1919 2047 2071 [5]
Ni;,-S 1930 2060 2076 [224, 5]
1930 ND? ND? [224]
1954 ND?* ND?* [240]

2 ND means not determined.

Figure 4.20 displays characteristic region for the active site of strep-MBH adsorbed on the C¢NHo-
SAM in the SEIRA spectrum with the corresponding voo and ven stretching vibrations. Sub-

sequently, after the adsorption process under Ar atmosphere, the catalytic center of strep-MBH
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resides preferentially in its oxidized, catalytically inactive state, known as Ni,-B state, which
is formed at high potentials (see chapter 2.1.1.4). The observed open circuit potential is about
+130 mV (under Ar). The measured electrode potential at zero net current is represented by the
open circuit potential (OCP). Adsorbed strep-MBH on CgNHa-coated surfaces reveal an OCP
under air of about +310 mV, which decreases under anaerobic conditions, i.e. under Ar, to a
value of +130 mV and under Hy atmosphere to an untypical high value of -40 mV. Assuming
only DET between an enzyme and an electrode, an OCP under turnover conditions, i.e. with Hs
supply, would be expected to be close to the Hy /HT redox couple (-325 mV). Also, the enzyme
loading is expected to affect the OCP to a minor extent.[241] Since AFM studies on strep-MBH
on CgNHa-surfaces revealed adequate enzyme coverage of 0.4 pmol/cm™ (see section 4.2.3), this
effect seems to be not the reason for the unusual high OCP value, but however, it seems to be
rather related to maximal feasible direct electron transfer at the enzyme-electrode interface. This
is already suggested by the observation of an orientational distribution of adsorbed enzymes and
the detected low DET current densities compared to the good enzyme coverage values. In con-
trast, strep-MBH adsorbed on negatively charged surfaces, i.e. CsCOOH and CsCOOH/CsOH,
exhibits higher DET current densities und related OCPs under Hy of about -240 mV. This is in
consistent with the observed onset potential of -240 mV in the CVs (see section 4.4.2).

v(CN) v(CO)
AA=5%107

absorbance

T
2100 2000
wavenumber / cm’™

Figure 4.20: SEIRA spectra of strep-MBH on CgNHy showing the characteristic region for v(CO) and
V(CN) of the active site (a) after adsorption under Ar (open circuit potential OCP + 130 mV), (b) under
Ho9 (OCP ~ -40mV) and (c) at the lowest applied potential of -340 mV under Hy. Potentials are quoted
relative to the standard hydrogen electrode (SHE).

Generally, the value of the OCP characterizes the substrate/product redox reaction occurring

at the enzyme-electrode interface and given by the Nernst equation. However, it does not give
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any insights into intrinsic properties of the enzyme itself. Information about the latter can be

derived by the value and shape of the voltage dependent current courses.

Under Hy atmosphere, the strep-MBH is rapidly activated and the recorded vco and ven vi-
brations exhibit values related to the reduced states of the active site already after the first
spectrum. Upon constant substrate supply, spectra of the catalytic center in the respective re-
dox equilibrium can be recorded within a few minutes. The corresponding vco and ven bands
observed spectra (b) and (c) in Fig. 4.20, reveal a set of redox states of the adsorbed strep-MBH
consistent with the respective states observed for strep-MBH in solution and his-tag -bound MBH

on a comparable Au surface under Hs.[5, 67]

As Hy substrate is supplied, the open circuit potential shifts to a potential at -40 mV within
few minutes. Simultaneously, the amount of the oxidized Ni,-B state decreases and the reduced
intermediate state Ni,-C is predominantly formed. The most reduced species reported for the Re
MBH, the so-called Ni,-SR states, can be detected in minor fractions in spectrum (b) (Fig. 4.20).
At the most negative applicable potential (-340 mV), at which no reductive SAM desorption
occurs, the amount of Ni,-SR states enriches, with Ni,-SR’ and Ni,-SR” as the dominating
species. Three sub-states of the most reduced redox Ni(II) species are reported, which can be
identified by their characteristic vao absorptions (see Table 4.7). Generally, these Ni,-SR, states
have been suggested to be formed due to different protonation states in the close environment

of the active site.[34]

Notably, none of the so-called “irreversible inactivated” Nij,-Sx states has been monitored by its

characteristic veo or/and ven bands within this series of experiments.

4.4.2 Potential Dependent Spectral Changes

Figure 4.21 shows SEIRA spectra in the corresponding region characteristic for the CO stretching
recorded at selected electrode potentials, either under constant Ar or Hy flow (see Figure 4.21 A
or B), as displayed exemplarily on two samples of adsorbed strep-MBH on C¢NHs-coatings. The
adsorbed enzyme was initially activated at low potentials under the corresponding gas atmosphere

(Ar or Hy) before the potential was raised stepwise.

Displayed are four relevant potentials, which are also marked in the corresponding CV courses.
Under Hs atmosphere, the current increases in magnitude, as the electrochemical driving force is
raised (Figure 4.21B). At the most positive applied potential (+310 mV), the current under Hy
decays over time ascribed to the slow anaerobic, oxidative inactivation of [NiFe| hydrogenases
and related to the formation of Ni;-B. Generally, strep-MBH is reported to exhibit a low ability

for proton reduction.
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Figure 4.21: Voltammetric traces of strep-MBH on C¢NHjz in (A) Ar and (B) Ha-saturated in and SEIRA
spectra showing characteristic spectral v(CO) region of the active site at different applied potentials under
(A) Ar and (B) Ha-saturated electrolyt. Potentials are quoted in V relative to the standard hydrogen
electrode (SHE). Measurements were performed in 10 mM phosphate buffer solution at pH 5.5; CVs
(A,B) were recorded at 25°C and SEIRA spectra (C,D) at 4°C.

However, upon Ar at lowest applied potential (-340 mV), typically a low electrocatalytic current is
detected in the CV, which is ascribed to Hs evolution. The enzymatic Hy production is suppressed
under Hy atmosphere due to substrate inhibition.[33] An onset of -240 mV is observed - in the
recorded CVs as shown in Figure 4.21A and B. An OCP of -40 mV is found for strep-MBH on
CgNH5-SAM under Ho.

Ouly for the isolated MBH heterodimer, a for Hy (as substrate) seemingly “irreversibly inacti-
vated” species, the so-called Nij,-S state with a CO absorption at 1930 cm™ [5], is formed under
certain conditions, e.g. in the presence of residual oxygen and substrate excess. This state is
accumulated during the different potential steps within the present experiments as derived from
the respective SEIRA spectra. Therefore, occurring changes in the redox state composition of
the catalytic center were analyzed by calculating suitable difference spectra and determining
the corresponding state populations via the corresponding CO absorptions by component fits.

Hence, even under continuous changes in the Nij,-S CO-ligand band intensity, the analysis could
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be carried out accurately. At the lowest applied negative potential (-340mV), the most reduced
Nia-SR states are preferentially populated under Ar as well as Ho atmosphere. The populations
of the Ni,-SR states decrease slightly at the observed onset at -240mV, while the amount of
Ni,-C is enriched to its maximum population. Under Ar atmosphere (see appendix Fig. A.12),
the highest Ni,-C state population is found at around -240mV. Under Hy atmosphere the maxi-
mum Ni,-C state enrichment occurs at more positive applied potentials, i.e. instead of -240 mV
under Ar it is found to be -40 mV under Hy. As stepping to -40mV under Ar, the populations of
Ni-SR decreases and Nij,-S, as well as the Ni,/,-S species increase are obtained as main states.
In consistence with the SEIRA studies on DvMF, the redox transition from Ni,-S to Ni.-B could
be shown under potential control. This particular transition is triggered here by switching the
potential to the most positive value of +310 mV: Thereby, a significant fraction of Ni,-B is slowly
formed under Ar atmosphere besides the Nij,-S species within 30 min. Under Hs atmosphere,
the corresponding SEIRA spectrum displays a different redox state composition, since substrate
conversion still occurs despite applied potentials. At -40 mV a significant fraction of the Nia-SR
states is already transformed to the Ni,-C state. At a potential of +310 mV, where an oxidative
inactivation is expected, the amount of detectable Ni,-B increases significantly, however, all re-
duced states are still observable in the spectrum, despite in slightly minor fractions. This means
that the applied positive potential cannot transform all adsorbed, SEIRA detectable strep-MBH
enzymes at the C¢NHs surface to the oxidized state. This is related to different orientations of
the immobilized strep-MBH. Thus, also a fraction of unwired enzymes, which only can interact
with the Hs substrate, are present at the CgNHo-terminated surfaces, as already discussed in
section 4.2.1. The application of negative potentials, however, induces a reorientation of the
strep-MBH molecules, leading in consequence to a homogenous DET for all electrochemical ac-
tive enzymes at the electrode surface. This might be also an explanation for the observed shift of
about 4200 mV for the maximum Ni,-C population under Hs. Since a fraction of the adsorbed
enzyme molecules might not be able to release electrons directly to the electrode, certain prevail
reduced at the active site and the Fe-S cluster, preferably in a Ni,-C state. In order to illustrate
the role of the previously discussed potential dependent enzyme rearrangement at the surface,
the intensity and the relative ratio of the amide I and II band are shown as a function of the

applied potential in Fig 4.22.
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Figure 4.22: Potential dependent change of strep-MBH on CgNHo-SAM showing the amide I (black)
and amide II (red) band intensity as well as in the amide I / amide II ratio (blue) of strep-MBH adsorbed
on a CgNH9-SAM.The potential,where reorientation is observable is indicated in by a grey arrow and
a grey dashed line at -40 mV (vs SHE). Measurements were performed in 10 mM phosphate buffer
solution at pH 5.5 under Ar atmosphere, thereby decreasing the applied potential stepwise from positive

to negative values. Measurements carried out at 4°C.

Indeed, by monitoring the potential dependent course of the amide I and amide II band intensities
shown in Fig. 4.22, a reorientation is detectable at potentials below -40 mV. At -40 mV and above,
the amide I and amide IT band intensity ratio remain constant and can be compared to the initial
one, where two different orientations were suggested by MD and the related experiments where
a redox mediator was added to monitor the mediated current [230], vide supra. Below -40mV
the reorientation is directed towards an optimized direct electron exchange between enzyme and
surface and thus will allow the potential control of strep-MBH at low potentials, consistent with
the observed redox states from the active site under different gas atmospheres and potential

control, vide infra.

In contrast to the work of Hidalgo et al. [68] on Hyd-1, no clear evidence for Ni-L species could
be identified in the corresponding SEIRA spectra of the Re strep-MBH. This does not exclude
a possible participation of this state in the catalytic cycle of MBH per se, but rather suggests
a higher thermodynamic instability of this state in the catalytic cycle of Re MBH compared to
the findings of Hyd-1.[68]
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4.4.3 Oxidation of strep-MBH

The highest oxidized state of oxygen-tolerant [NiFe] hydrogenases, namely Ni,-B, is formed upon
exposure with Og, as well as under anaerobic potential control (under Ar) and Hs as displayed in
section 4.4.2. The latter shows, that at least to a certain extent, Ni,-B could be slowly recovered
at high positive potentials. (+310 mV) even under anaerobic conditions, although the presence

of traces of Oy cannot entirely be excluded even during long exposure times with Ar.

The mechanism of Oy conversion in this type of oxygen-tolerant hydrogenases and the its function
as Os-reductase upon formation of the Ni,-B species is still discussed. One possible reaction
pathway involves O, binding at the active site followed by reduction by four electrons and
three protons to form water and a hydroxide molecule (O2 + 3HT + 4e~— HoO + OH).[242]
The water molecule originating from Og conversion can diffuse out of the enzyme via a solvent
channel, while the hydroxide ion remains bound to the oxidized active site. The consideration
that Ni,-B formation arises from Os-binding at the active site, has been studied in various works.
Lauterbach et al. showed for the soluble hydrogenase of Ralstonia eutropha, that O5 reduction
takes place in the vicinity or directly at the catalytic [NiFe] center via the reuse of electrons

produced during Hy cleavage by mass spectroscopic detection of labeled compounds.[243]

However, an exclusive aerobic Ni,-B formation by O has been questioned in other isotope
labeling studies, which suggested alternatively a solvent derivation of the bridging OH— ligand
in Ni,-B.[244] Thereby, no oxygenic species originating from Os were observable in the first
coordination sphere of the nickel.[72] Based on these studies, the authors claim that inactivation

can also occur under Os-free oxidizing conditions, i.e. anaerobic inaction.[245]

In this context, SEIRA spectro-electrochemcial studies on strep-MBH in different gas atmo-
spheres were carried out to investigate the enzyme’s redox state composition under formally
(re)oxidizing, aerobic as well as anaerobic conditions. Figure 4.23 shows the corresponding
SEIRA data in the spectral region characteristic for the vco and veon vibrations recorded under
these terms, namely under Ar at OCP or under Hs at applied positive potential, and performed

on the same sample of strep-MBH adsorbed on a CgNH2-SAM, successively.

The adsorbed enzyme remains after completed adsorption process under Ar (OCP: 4130 mV)
in its Ni,-B state. Upon Hy exposure, the strep-MBH is firstly activated, before the re-oxidation
process is initiated by positive applied potentials or exposure to air without potential control.
Only upon reduction at negative applied potentials of about -50mV or an exposure to Hs, a clear
redox transition between Ni,-B and Ni,/,-S can be observed. As shown in 4.4.2, also fractions of
the reduced states are found under Hs. Under the additional negative potential, certain reduced
states are more populated. The application of a positive potential under Hy atmosphere leads to
so-called “anaerobic inactivation”, thereby forming oxidized ready species (Figure 4.23b). This
process is also observed in cyclic voltammetric traces at high positive potentials (see chapter
2.4.5). As already discussed in 4.4.2, the slow formation of the Ni,-B state takes place even

under Hy atmosphere, suggesting a solvent derived hydroxyl-binding at the active site.
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Figure 4.23: SEIRA spectra of strep-MBH on CgNH: showing the characteristic spectral region for
v(CO) and v(CN)cn vibrations of the active site under aerobic and anaerobic oxidizing conditions: (a)
oxidized under Ar atmosphere at OCP after strep-MBH adsorption, (b) re-oxidized under Hy atmosphere
with applied potential of +310 mV and (c) re-oxidized with air at OCP (4310 mV). Potentials are quoted
in mV relative to the standard hydrogen electrode (SHE). All spectra were recorded at 4°C.

Consistently, reduced species are still present at this positive potential, which is presumably
related to strep-MBH molecules bound in unfavored orientation, preventing a direct electric
contact with the working electrode, vide supra. However, half of the initially observed Ni,-
B state shown in spectrum (a) (Fig. 6.10) could be recovered upon anaerobic inactivation.
Successively, a second activation of strep-MBH by reduction under Hy at OCP was carried out,
before a final re-oxidation step under air was performed (Fig. 6.10c). Figure 6.10c shows the
formation of Ni,-B under air exposure, thereby a fast and almost complete re-oxidation could be
observed. Besides the Ni;-B formation, another state is formed, namely Ni;,-S, presumably an

irreversibly inactivated state.

As shown here, under optimized adsorption condition, high intensities of active site character-
istic bands are obtained, which allow important mechanistic insights. However, not all enzyme
molecules are in direct contact with the electrode surface. As discussed above, it might be possi-
ble to address the still discussed mechanism for MBH oxidation as well as the enzymes function

as Og-reductase by SEIRA spectroscopy in more detail in future.

4.4.4 Conclusions and Outlook

The active site of strep-MBH on CgNHs-SAM surface was successfully monitored by spectro-

electrochemical IR studies in the SEIRA mode under turnover and non-turnover conditions.
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The observed redox states are consistent with those found for purified hetero-dimer strep-MBH
in solution, and thus reveal the integrity of the MBH molecule after adsorption on the surface.
Even though a seemingly irreversible inactive state in the presence of Hy as well as residual oxygen
was formed upon potential application and increased as a function of time, the analysis of the
native redox states of the enzyme could be processed. Observations of the corresponding amide I
and IT bands of the protein backbone relate to the detectable changes at the active site at applied
potentials, confirming the prior discussed reorientation of the enzyme at the surface: At negative
potentials, a homogenous MBH orientation is found on the electrode which favors direct electric
contact of all active enzymes with the electrode. In contrast, at high positive potentials, the
contact between enzyme and surface appears partially disrupted due to a fraction of unfavorably
orientated immobilized molecules. However, the enzymes active site could still be probed under
turnover conditions as well as aerobic and anaerobic re-oxidation processes. As a function of the
externally applied potential various redox states of the catalytic active and also the oxidized,
inactive states and their principle inter-conversions could be monitored at least on a qualitative
level. This is a significant advantage compared to the potential-dependent titration of strep-MBH
dimer in solution with substochiometric amounts of dithionite, preferentially forming in large
amounts Ni;,-S species at pH 7 (not published data. Other works on potential titration of strep-
MBH in solution in the presence of mediator cocktail have been carried out in a OTTLE cell by
Elisabeth Siebert.[224] The results obtained for adsorbed enzyme molecules might define a more
promising approach for the determination of midterm potentials for the redox transition of the
active site since the electron exchange is faster, potentials can be established more precisely and
possible diffusion limitations (from the enzyme via mediator to the electrode) do not have to be
considered. A great advantage of this approach is the easy simultaneous exchange of various gas
atmospheres, i.e. to study the effect of the relative amount of oxygen or hydrogen on irreversible
inactivation and other mechanistic implications. However, a drawback of SEIRA spectroscopy is
the lower spectral resolution 4 cm™ compared to that in solution (2 cm™), to achieve a comparable
S/N ratio. Due to the orientational distribution of strep-MBH on CsNHs-surface, the negatively
charged surfaces discussed in section 4.3.3 should be also considered for mechanistic studies, even
with the drawback of higher variations in absorbance intensities and catalytic activity. In this
context, SEIRA spectro-electrochemical studies on immobilized strep-MBH was shown to be a
powerful future tool for a deeper understanding of the underlying mechanistic processes at the
active site, such as for example the still unknown mechanism of observed Hy evolution by the
Re MBH upon non-physiological conditions as shown in electrochemical studies,[246] even if it is
mainly known to be biased towards Hy oxidation. A further example is function of the enzyme

as Os-reductase.
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Chapter 5

Spectro-electrochemical studies
on Cytochrome c - Metal oxide

surface interactions
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5.1 Introduction

Direct electron transfer between redox proteins or enzymes and conductive materials has been
demonstrated for a number of proteins and (semi)conductors and has proven to be promising
both in mechanistic studies as well as in the development of emerging nanotechnologies such as

biosensors and enzymatic fuel cells.[207, 213, 247]

Up to date, studies on protein-surface interactions have been extensively performed on standard
electrode platforms, which commonly are based on self-assembled monolayer (SAM) coated metal
systems as presented in chapter 4 and are in particular applied in spectro-electrochemical studies
(SEIRA, SERS). Also, pyrolytic graphite edge (PGE) electrodes are commonly used, but they are
used mainly for electrochemical investigations and hardly in a spectroscopic approach due to their
high radiation absorbance. To overcome these limitations, an Attenuated Total Reflexion—-IR
(ATR-IR) spectroscopic approach on graphite NPs covered by adsorbed protein was recently
developed by the group of Vincent for spectro-electrochemical studies on enzymes.[68] In order
to obtain reasonable spectroscopic signals, carbon NPs are used in this set-up to achieve high
enzymatic loading, at the expense however of the electrode conductivity due to the particles low
interparticle electric contact. The used graphite NPs are interconnected by a Nafion films, while

the electric contact is established by a carbon paper sheet pressed on top of the NP film.[236]

In particular, Transparent Conductive Oxides (T'CO), belonging to a group of semiconductors,
attracted attention with respect to the adsorptions of a redox protein for electrochemical appli-
cations in the last years. Since TCOs show transparencies in the visible range as well as in some
cases in the IR.[248] Hereby, they may offer a promising platform for spectro-electrochemical
investigations. In contrast to noble metal electrode materials, metal oxides represent a low-cost
alternative, with a wider electrochemical accessible potential range compared to standard metal-
SAM systems, and provide also a certain biocompatibility for protein adsorptions due to their
surface functionalities. Protein adsorption on metal surfaces normally requires surface modifica-
tions of the electrode surface to retain the protein structure and function after immobilization.
In this context, SAMs are frequently chosen for surface functionalization of metal surfaces. These
suffer however from their intrinsic instability in terms of surface desorption under oxidative and

reductive potentials, thermal instability, and aging effects.[163]

Of particular interest from a nanotechnology perspective is the possibility of controlling the ori-
entation, conformation, and function of a surface adsorbed protein through the physicochemical
properties of the nanomaterial and its surface. The protein orientation can be affected by its size,
shape, and functionality of the respective surface.[249, 250] The latter is discussed in regard to
electrostatic interactions in chapter 4. The surface charge is a crucial component for the protein
coverage and orientation. In this sense, also metal oxides are investigated towards an optimal

adsorption strategy.[250, 251]

5.1.1 Immobilization Strategies

Wiring of redox proteins on electrode surfaces with a fast electron transfer between the electrode
surfaces and the redox protein is crucial for an efficient outcome. Analogue to the immobilization

strategies on standard electrodes, different immobilization strategies of protein on metal oxides

have been investigated.

5.1.1.1 Surface Modifications

To enable directed electrostatic binding of proteins at metal oxide surfaces, SAMs for metal
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oxides have been established such as n-alkanoic acids and alkylphosph(on)ates. Both groups
are believed to bind through direct coordination between carboxylate or phosphate and the
metal cation within condensation processes. Both, mono- and bi-dentate bindings have been
suggested to take part in the coordination.[252] However, some reported drawbacks for these
SAMs are pointed out, repeatedly. The precondition for a complete monolayer formation is a
widely hydroxylated metal oxide surface,[253] which is usually, even in contact with water, only
formed to a certain extent. The amount of a hydroxylation coverage formed in contact with
aqueous solution depends on the material composition and the applied pretreatment steps. In
addition to the challenge of the formation of a homogenous monolayer, there is also an adsorption-
desorption of metal-oxygen-phosphor (M-O-P) species.[253] Further disadvantages of such type
of SAMs may be their inferior stability in aqueous solutions and the difficulty to introduce
functionalities in alkylphosph(on)ates chains for the attachment of biomolecules.[254] Therefore,
covalent grafting processes for SAM formations at metal oxides have been studied. One well-
known strategy is the silanization of metal oxide surfaces.[255] However, this type of modification
is restricted to a handful of metal oxides.[256] Another strategy is based on the generation of
radicals in alkyne chains for a direct binding to the surface. This process has been recently
applied to form homogenous monolayers with a well-spread charge distribution at the metal oxide
surface. The biggest challenge up to date is the controlled formation of monolayers, involving the
reduction of the amount of defect sites [257]as well as an inhibition of a likely SAM branching,

which would generate a thicker spacer layer between metal oxide and protein.

In addition, immobilization strategies for covalent binding between proteins and metal oxides via
multi-step synthesis have been studied, which usually require an engineering of the metal oxide
surface and may also introduce a further synthesis step on the protein site, such as amide coupling
surface binding.[258] A common disadvantage hereby is the broad distribution of orientations
resulting from an undirected amide coupling at all suitable functional groups at the enzyme’s
surface. In the case of large proteins, this drawback does hardly allow an accessibility of the

protein functionality by electronic communication to the electrode surface.[258]

5.1.1.2 Direct Adsorption

TCOs contain a high amount of oxygen functionalities at the surface and may thus allow a
protein-friendly environment even without any modifications.[134, 157, 259, 260] In contact with
an aqueous solution at neutral pHs, metal oxide films form preferentially hydroxyl groups,[261]
thereby inducing surface charges that allow application of specific adsorption strategies for pro-
tein binding.[262, 250] Metal oxides are generally characterized by their amphoteric nature based
on the Protonation deprotonation ability of hydroxyl groups at the metal surface (-MOH?T =
-MOH < -MO"). The pH at which the net surface charge vanishes refers to the isoelectric point
(IEP). The IEP of metal oxides is also equal to their potential of zero charges (PZC). Thus,
depending on pH, either above or below IEP, the surface is negatively and positively charged,
respectively. Both charges present on the electrode surface and on the proteins will affect the
adsorption behavior of the protein on the electrode surface.

The surface coverage of redox proteins on metal oxide films is shown to depend on the surface
charge of the films similar to the adsorption of proteins on SAM-coated metals (see chapter 4.
Hereby, the isoelectric point (IEP) plays a crucial role for electrostatic protein-surface interaction.
In this chapter, the focus is directed on two proteins, Cytochrome ¢ (cyt ¢) and Membrane-Bound-
Hydrogenase (MBH), which will be discussed as examples for protein-metal oxide interactions.

In this sense, cyt ¢ and dimeric MBH have isoelectric points of 10.5 and ~7.2, respectively,
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meaning that cyt ¢ and MBH are positively charged below pH 10.5 and 7.2, respectively.[259]
In this regard, an effective protein surface loading depends on the counterpart charges between
surface and protein given by the pH of the solution as shown for cyt ¢ on TiO2.[259] This work
indicates, that the closer the pH value is to the corresponding surface IEP, the more probable
are hydrophobic interactions between protein and metal oxide surface. The biocompatibility of
directly adsorbed protein on metal oxide may be given, but its compatibility under the force of
electric fields cannot be completely understood without more profound spectro-electrochemical

studies and is therefore often only estimated.

Besides planar, low surface area TCOs, mesoporous structures of TCOs including mesoporous
Titanium Dioxide (TiO2), Tin Dioxide (SnOz), Tin doped Indium Oxide (Indium Tin Oxide
(ITO); Sn:InyO3) and Antimony doped Tin Oxide (Sb:SnOz, ATO) have been recently exam-
ined as high surface area substrates for the immobilization and voltammetric investigations of
proteins.[134, 157] Although metal oxides are often claimed as biocompatible surfaces, in many
cases, adsorption upon incubation of nano- and mesoporous structures were found to modify the

protein properties.

Durrant discusses the immobilization of cyt ¢ on nanoporous TiOy (with pores sizes between 10
and 20 nm), thereby claiming no occurrence of protein denaturation upon immobilization. How-
ever, the relatively slow electron mobility due to a lack of conductivity within the nanocrystalline
electrodes precluded the use of these nanostructured TiOs electrodes for a cyclic voltammetric
determination of protein/electrode electron transfer kinetics.[263, 264] Indeed protein voltam-
metry exhibited only the cyt ¢ reduction peak at -0.55 V (vs Ag/AgCl) and no oxidation peak.
The authors claimed that the observed irreversibility and negative shift of the redox transition
relative to the solution redox potential, which usually is observed at around 0 V vs Ag/AgCl
[102, 265, 134] is due to the limited conductivity of the TiOq film.[259] However, this shift of the
observable redox potential indicates the formation of a non-native cyt ¢ species, which is often
found at such negative potential values. Even if the authors claim that cyt c is preserved in
its native state with respect to the presented UV-Vis spectra, a band overlap with non-native
cyt ¢ species cannot be excluded due to the high spectral similarity between native and denat-
urated states. Thus, a quantification of the state composition appears challenging. In contrast,
as reported by Wollenberger/Frasca et al., cyt ¢ adsorbed in mesoporous Indium Tin Oxide was
immobilized in its native state monitored by protein film voltammetry, displaying no significant
potential shifts.[134]

5.1.2 Protein Denaturation

Basically, the function of a protein is strongly related to its structure which can be highly affected
by changes with respect to its native environment.[266] Generally, proteins can unfold and become
inactive upon changes in pH, temperature, ion concentration and surface interaction. Depending
on the specific denaturating conditions, the observed conformational modifications of the ternary
/ quaternary structure can be reversible or irreversible. In this context, protein adsorption onto

nano- or mesoporous metal oxides,[250] can in some cases lead to an irreversible denaturation
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of the protein.[267] In order to investigate the protein-metal oxide interactions, testing its bio-
compatibility and a to gain a deeper understanding regarding the influence of specific metal
oxide properties on proteins, more sophisticated spectroscopic and spectro-electrochemical ap-
proaches are required. With the gained knowledge, a further development of biohybrid-electronic
devices towards optimized applications will then be possible on the basis of a knowledge-based

optimization of the electrode material as well as of the enzyme-electrode interface.

Hence, this following section describes an ATR-FTIR spectroscopic set-up for investigation of
metal oxide — protein interfaces. Therefore, planar metal oxide surfaces were chosen to test
the specific setup. For probing the protein-semiconductor interactions [268, 269, 251, 270] two
proteins were investigated, cyt ¢ as a “benchmark” model redox protein, which was already exten-
sively studied in the past, and the Re MBH, an oxygen-tolerant [NiFe] hydrogenase, representing
a complex enzyme catalyst, used for bio-fuel cell application. An insight into their adsorption
behavior, their interaction behaviors with transparent conducting oxide electrode materials can

only be gained by in situ spectroscopic studies.

Surface enhanced spectroscopic techniques are powerful techniques, which allow the monitoring
of adsorbed species in surface selective manner. Among others, SERRS-, SEIRA- and some
multiple reflection ATR-IR approaches are suitable to probe adsorbed species down to pmol/cm?
concentrations. However, conventional spectroscopy on a protein (sub)monolayer as obtained
on planar surfaces might be not sensitive enough for detailed spectroscopic studies due to low
sample concentration. IR spectro-electrochemical studies on thin TCO films might be in principle
feasible due to their transparency in the IR region. Surface selective observations required for
fundamental studies of direct protein-semiconductor interactions [268, 269, 251, 270] might be

challenging.

Among the different available TCOs, Indium Tin Oxide (IngO3/SnO2 90/10 wt% - ITO) is
the most widely used TCO due to its high transparency (85% in the visible region) and high
conductivity (104 S cm™).[271] However, one major disadvantage of ITO is the relatively low
natural abundance of indium and its high price. Therefore, in an attempt to decrease the indium
content, Sb-doped SnOy (ATO) and amorphous tin-rich Indium Tin Oxide (ITOrg, with In-Sn
ratio close to 1) TCOs have emerged as promising alternatives to regular ITO, see 2.3.2. In the
present work, two of these promising examples, namely ATO and ITOrg, are discussed and used

as spectro-electrochemical platforms to study the immobilization of biomolecule (sub)monolayers.
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5.2 Antimony-doped Tin Oxide (ATO) thin film electrodes

for a stable horse heart Cytochrome c immobilization

As mentioned before a promising alternative material for ITO is an antimony-doped tin oxide
(Sb:SnO9, ATO), which is briefly introduced in section 2.3.4. It benefits from a comparatively
low cost (when compared to ITO), a high conductivity (in the range of 102 S cm™), a high
transparency (up to 80%) [270, 272, 139, 273] and exhibits the potential for electrostatic im-
mobilization of enzymes, as demonstrated in the last years for small redox proteins, such as
cytochrome ¢ and azurin.[260, 258] It was shown, that cyt ¢ and azurin bind to the ATO sur-
face by an electrostatic binding between the negatively charged ATO surface and the positively
charged proteins. However, the protein-ATO binding interaction was rather weak and could
easily be disrupted at high ionic strength.[260, 258] By additional reaction steps between the
ATO surface and the protein, the protein-surface interaction could be tuned towards covalent
binding with a high inherent stability. In such a way, an initial surface amination of the ATO
surface was followed by amide formation via crosslinking the carboxylic acid at the surface to
primary amines include carbodiimide compounds, such as EDC, to yield a stable covalent at-
tachment of cyt ¢ within mesoporous ATO electrodes, as shown by Miiller et al.[258] Recently
nanostructured ATO films have been developed in our group and the successful immobilization
of hexa-histidine-tagged (his-tag) human sulfite oxidase (LSO) on these type of electrodes has
been demonstrated.[157] It was speculated at that time that direct surface attachment of the
his-tag hSO resulted from an interaction between the metal cation affine his-tag and the ATO
surface. However, due to the small pore size (8 nm) of the ATO support used at that time, the
amount of surface bound hSO on the porous ATO electrodes was not sufficient to observe either
non-catalytic, direct electrochemical signals of the molybdenum-containing cofactor of the hSO

or any spectroscopic signature by UV-Vis.

To optimize protein adsorption on this antimony tin oxide surfaces, a more sophisticated set up for
IR studies was used in the present work, probing directly protein-surface interactions. Thereby,
IR-spectroscopy serves a powerful tool to monitor proteins from a structural or mechanistic point
of view in a variety of set-up configurations. In this context, the ATR-IR mode is one surface
sensitive technique allowing to examine in situ processes such as adsorption/desorption of protein
samples on electrode surface even at low protein concentrations and to reveal the integrity of the
protein structure upon surface interaction. So far, in situ FTIR investigations on the adsorption
behavior of proteins on transparent conducting oxides and other semiconductor surfaces have

been, to the best of our knowledge, not reported yet.

In this chapter of the present thesis, a single reflection ATR-FTIR configuration is introduced
allowing investigations of protein adsorption on TCO model electrodes. This technique is hereby
applied to verify the hypothesis of a selective his-tag binding towards the ATO surface; hypothesis
which is verified by studying the immobilization of native horse heart Cytochrome ¢ (cyt ¢) and
his-tagged horse heart Cytochrome ¢ (his-cyt ¢) on planar ATO surfaces Hereby, we are aiming
to establish the general applicability of ATO films for the effective and stable binding of proteins

via a hexahistidine tag.

The following work presents the development of an ATR-IR set up for studies of immobilized

enzymes on TCO surfaces.
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5.2.1 Reference measurement

To resolve the contribution of inherent signal intensities from the protein solution within the
evanescent ATR-IR wave, a reference measurement was carried out on a hydrophobic, H-terminated,
uncoated Si-prism in contact with the protein-containing electrolyte. The Si-prism was pre-
treated as usually before metal oxide coating or Au coating for SEIRA experiments following the

standard polishing procedure (see chapter 3).
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Figure 5.1: (A) Sketch of an ATR-FTIR set up with an H-terminated Si-prism, formed after etching
process and incubation with a cyt ¢ buffer solution as well as (B) ATR-FTIR spectrum of the 7uM cyt
¢ incubation solution.

The hydrophobization of the surface is achieved by exposure to NH4F solution. Thus, the H-
terminated metal free surface of the Si-prism could be used to monitor the 7 pM his-cyt ¢
incubation solution. The spectrum displayed in Figure 5.1 reveals only typical water adsorptions,
related to O-H stretching and bending vibrations without any indication of amide bands. In
conclusion, no specific IR signal of cyt ¢, i.e. amide I and amide IT bands, could be observed
from the 7 pM protein solution in the set up. This reference experiment shows that IR signals
from the low concentrated protein solution cannot be detected and that the following section
presenting amide I and amide II bands result from surface bound protein and cannot originating

from dissolved protein in solution.

5.2.2 ATO thin film preparation and characterization

Planar ATO thin films were obtained by evaporation induced self-assembly of nanocrystalline
antimony-doped tin dioxide (ATO) nanoparticles (NPs). The ATO nanoparticles were doped
with 8 mol% of antimony. The 3.5 nm in diameter sized ATO NPs were synthesized following
a benzyl alcohol assisted solvothermal approach, as reported previously.[274] In order to ease
the wet-ability of the silicon prism, 2 wt% of F127 (m(F127)/m(ATO) = 0.02) were added as
wetting agent ensuring the homogeneous deposition of planar ATO NPs thin films on the surface
of the Si-prism (see Figure 5.2). The planar ATO-NPs-film surface exhibits a porosity based
on the interparticle packing voids. Figure 5.2C displays a SEM cross section image of a planar
ATO-coated Si wafer.
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Figure 5.2: SEM micrographs of planar, ultrathin ATO films in top-view at (A) low and (B) medium
magnification and (C) in cross-section view. The films were deposited on an IR transparent silicon
prism for Single Reflection ATR-FTIR absorption spectroscopy and on a silicon wafer for cross-section
measurements.

Conductivity and transparency measurements were performed by Dr. Anabel Molero and are
discussed in detail in manuscript (Molero et al.; under preparation) . Electrical characterization
of the as-prepared ATO thin films was carried out by 4-point probe measurements carried out on
ATO coated ITO-glass substrates and revealed a low sheet resistance of ca. 103 (€2/ D), indicating
a good conductivity of the nanostructured ATO-ITO “sandwich” electrodes. The transparency
of the films in the visible region was determined by UV—Vis spectroscopy, exhibiting comparable

transparency behavior to commercial thin ITO films.

5.2.3 Immobilization of horse heart Cytochrome c and his-tagged Cy-

tochrome c on ATO

In order to gain deeper insights into the interactions between native and his-cyt ¢ with the
ATO surface, ATR-IR measurements on planar ATO NPs thin films were carried out (for set-
up configuration see chapter 3). For this purpose, a silicon prism was coated with an ultrathin
planar ATO film and used in an ATR-Kretschmann configuration to follow the in-situ adsorption
and desorption kinetics of his-cyt ¢ and cyt c. For both, cyt ¢ and his—cyt ¢, two major band
maxima, one characteristic for amide I absorptions centered at 1656 cm™ and 1652 cm™ for cyt
c and his-cyt c respectively, and another band related to amide II absorptions located at 1549
cm! for both cases, were observed as displayed in Figure 5.3A and B. The amide I band (1700 -
1620 cm™) arises almost exclusively from the C=0 stretching vibration of the backbone peptide
bond and is sensitive to small variations in hydrogen bonding patterns and molecular geometry of
the protein.21 The amide IT band (1600-1500 cm™) originates from an out-of-phase combination
of N-H in-plane bending and C-N stretching vibrations of peptide bonds.[275] It is generally
accepted that the shape of the bands reflects the main protein chain conformation as described
in detail in section 2.2.2.4.[276] The exact band positions of the secondary structure components
of amide T and II vibrations are determined by second derivatives (vide infra). Figure 5.3C and
D reveal the adsorption kinetics by monitoring amide I and amide IT band intensities within an
adsorption time of 2h. For both, cyt ¢ and his-cyt ¢, the adsorption kinetics on ATO converges to
different saturation values, i.e. protein coverages, as displayed by the course of amide absorption
intensities. Figure 5.3C presents maximum amide I and amide IT band intensities of cyt ¢ on
ATO with 0.77 mOD and 0.57 mOD, respectively. Compared to his-cyt ¢ with 1.71 mOD and
1.31 mOD for amide I and amide II absorptions, respectively, cyt ¢ bands occur with half of
the intensities (45%) at the surface. The amide I / amide II ratio remains constant within the

adsorption time of 2h for both cases with a ratio accounting for 1.3 for both, cyt ¢ and his-cyt c.
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Besides the difference in absolute intensities of the amide I and amide II absorption bands, which
is about the double for his-cyt ¢ compared to cyt c, the particular surface adsorption kinetics
of cyt ¢ and his-cyt ¢ reveal a further difference. The time evolution of amide I and amide II
intensities of cyt ¢ and his-cyt ¢ within the adsorption process can be appropriately fitted with
a biexponential course as displayed in black lines in Figure 5.3C and D. Cyt ¢ exhibits a fast
first growth with a time constant of Ty = 1.77 min, whereas the corresponding time constant for
his-cyt ¢ with t; = 3.53 min results in a two times slower binding process (see Table 5.1). The
second overlapping process during surface adsorption for both, cyt ¢ and his-cyt c is related to a

very slow surface adsorption with time constants of 1o = 33.50 min and 38.28 min, respectively.

To probe the interaction prevailing between the protein molecules and the surface, desorption
experiments were carried out as displayed in Figure 5.3C and D. To elucidate the strength and
reversibility of the binding, buffer exchange was performed, meaning surface attached protein
films of cyt ¢ and his-cyt ¢ on ITOTr were immersed in protein-free buffer several times. Thereby,
the ionic strength of the buffer solution was increased stepwise, while the respective pH value was

kept constant. The related desorption was monitored for each step till equilibrium was reached.
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Figure 5.3: ATR-FTIR spectra of amide band region for (A) Cyt ¢ and (B) his-Cyt ¢ during immobi-
lization on planar ATO thin films as well as the corresponding binding kinetics for (C) cyt ¢ and (D)
his-cyt ¢ monitored by the maximal intensities (labeled in bold, black) of the amide I (M) and amide
II (@) bands (black) as well are the related desorption processes upon washing with different buffer
solutions with different ionic strength. Biexponential fits (A = Ag + A1 exp(-t/t1) + Az exp(-t/ t2))
were applied in the time period of 0 < t < 2h and are shown as black lines (C,D).
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Table 5.1: Protein adsorption kinetics derived from selected amide I and amide II band intensities*

amide band Ag (mOD) A; (mOD) 71 (min) A (mOD) T2 min
cyt ¢ on ATO

1656 cm™ 0.77 £ 0.01 0.60 +£0.04 1.77£+0.30 0.17 &£ 0.02 33.50 £ 11.79
1549 cm™ 0.57 £0.01 045 +0.03 198 +0.28 0.12 £ 0.2 27.37 £ 8.26
his-cyt c

1652 cm™ 171 £0.01 130 £0.04 353 £0.18 0.41 £0.02 38.28 £ 5.40
1548 cm™ 1.31 £0.01 1.01 £0.02 346 £0.13 0.30+0.01 3043 £ 3.44

*Results from fitting the biexponential function A = Ag + A; exp(-t/t1) + A2 exp(-t/ t2) to the time
course of the amide I band (1656 cm ™!, R? =0.9696) and amide IT band (1549 cm™, R? = 0.998) bands
for cyt ¢ and to the corresponding amide I band (1652 cm ™!, R? = 0.96597) and amide IT band (1548
em™ !, R? = 0.97599), for his-cyt c. All applied in the time period 0 < t < 2h.

For cyt ¢ a simple buffer exchange after immobilization leads to a drastic loss of about 35% of the
initial value of the amide band intensity. Buffer exchange exhibiting a higher ionic strength of 150
mM causes a further band intensity decrease down to 68% of the original intensity. Finally, by
an exchange with a 3M KCl saturated buffer, the amide bands diminish entirely. Therefore, the
ionic strengths induced protein desorption from the surface suggests a pure electrostatic binding

between cyt ¢ and the ATO surface.

In contrast, buffer exchange with varying ionic strength and even the addition of 3 M KCI
had only minor effects on the amount of surface adsorbed his-cyt ¢ (Figure 5.3D). The latter
results indicate the existence of a strong, non- electrostatic interaction between his-cyt ¢ and
the ATO surface. Only an exchange with a buffer solution containing imidazole, a ligand with
a high complexation affinity for metals and used as eluent in his-tag mediated metal ion affinity
chromatography results in a quantitative desorption of his-cyt ¢ from the ATO surface, as can be
seen by the amide bands that finally vanish at high imidazole concentrations of 750 mM. Thus,
a ligand exchange of the hexa-histidine tag complexed to a metal center of the ATO electrode
surface can be achieved by the addition of imidazole molecules leading finally to a complete
desorption of his-tagged proteins from the ATO surface. These results confirm the previously
raised hypothesis of his-tag mediated binding between his-tagged proteins and the ATO surface
as proposed by Frasca et al. for his-tagged hSO immobilized on mesoporous ATO electrodes.[157]

The investigated hypothesis of direct his-tag binding on ATO surfaces investigated in this work
is illustrated in Figure 5.4. Proteins engineered with an attached his-tag are expected to bind via
ligand-metal complexation between the histidine tag and presumably preferential the not fully

coordinated tin surface cations rather than via an electrostatic interaction.
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nanoATO

Figure 5.4: Proposed interaction between residues of the his-tag and exposed metal centers at the
surface of the ATO nanoparticle. Due to the unknown surface details and functionality groups of the
latter is not explicitly shown.

Imidazole is known to act as a ligand for metal cations. Nitrogen within the imidazole group of

the hexahistidine tag binds via coordination to the exposed metal site.[277]

His-tagged proteins are usually purified by a preferential binding, most commonly to Ni?* [278]
but these type of metal chelate affinity is also known for a series of other metal cations such as
Co?T, Co®t Cu?t, Zn2T.[279, 280, 278]

In the case of the observed electrostatic adhesion of cyt ¢ to the ATO surface, the attachment can
be attributed most likely to the positive surface charge of cyt c at neutral pH, which exhibits an
isoelectric point of 10.2, which ensures an appropriate electrostatic binding on negatively charged
surfaces. Alike many other metal oxides, ATO is expected to carry a substantial negative charge
at neutral pH and an interaction with cyt c is assumed to be largely electrostatic and guided by
its positively charged surface lysines.[281] However, the protein-surface interaction is relatively
weak with the ATO developed in our group, which is in good agreement with other observations

on the electrostatic binding of cyt ¢ on various ATO materials.[260, 258]

5.2.4 Band assignment of Cytochrome c adsorbed on ATO

Minor shifts of up to four wavenumbers were found for the absolute maximum of the amide I band
positions of cyt ¢ (amide I at 1656 cm™; amide II at 1549 cm™) and his-cyt ¢ (amide I at 1652
em™t; amide 1T at 1548 cm™), in Figure 5.3. Due to a strong overlap and large half-bandwidths
of the underlying secondary structural components of the amide I and amide II vibrations, their
exact band positions are determined by second derivative analysis of the ATR spectra, see Fig.
5.5. The observed values for each component are in line with those reported for adsorbed and
solution cyt c, see Table 5.2. Thus, the large shift of four wavenumbers for the centered amide
I band position observed only for the amide I band of cyt ¢ may result from the significant
differences in the band intensity distribution at 1656 cm™ and 1643 cm™, which can be assigned
to a-helix and random coil, respectively. These might derive from different binding interaction of
cyt ¢ and his-cyt ¢ to the ATO surface. In addition, the intrinsic bandwidth for his-cyt ¢ might
be wider due to the artificially attached his-tag.
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Figure 5.5: Second derivative of the corresponding ATR-IR spectra of cyt ¢ (black) and his-cyt ¢ (red)
after 2h of adsorption on an ATO coated Si-prism.

Table 5.2: Assignment of the in Figure 5.50bserved bands to the corresponding secondary structure

elements and amino acid side chains

observed / cm™ SEIRA values of cyt ¢ literature

cyt ¢ (his-cyt ¢) assignment designation on Au-SAM / em™! [232]  values / em™ references
1679 amide I B-turn 1680 1674 - 1675 [282, 283]
1656 amide I o-helix and loop 1659 1650 - 1656 [282, 283]
1643 amide I unordered/ B-sheet 1643 1641 - 1649 [283]
1633 amide I extended B-strand 1633 1634 - 1636 [282, 283]
1567 amide II B-turn - -

1549 amide II B-turn 1551 1547 [103, 6]
1515 tyrosine in-plane ring vibration 1517 1517 [282, 283]

5.2.5 Conclusions

Antimony doped tin oxide (ATO) films were shown to be suitable, biocompatible electrodes for
the immobilization of small redox proteins as exemplified on cytochrome ¢ with in situ ATR-IR
spectroscopy. The preservation of the native structure both for cyt ¢ and his-cyt c¢ after direct
adsorption on the metal oxide surface could be verified by the similarity of the corresponding
band positions of secondary structure elements and side chains with literature values of cyt c in
solution as well as adsorbed species on SAM-coated Au-surfaces.[102] The adsorption of cyt ¢
can be attributed to electrostatic interactions between the protein and the ATO surface. In the
case of his-cyt ¢, a selective binding of the his-tag to the unmodified ATO nanoparticle surface

can be established, which remains even under increasing ionic strengths of buffer solution. This
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leads twice as high amide band intensities suggesting twice the protein coverage than in the case
of an electrostatic binding. The difference in the binding behavior of cyt ¢ and his-cyt c is even
more pronounced when comparing their adsorption kinetics shown by different time regimes.
While cyt ¢ binds almost immediately to the ATO surface via electrostatic interactions, his-cyt
¢ exhibits slower adsorption kinetics suggesting a more controlled and selective binding process.
Complementary investigations for a better understanding of the different interaction types of cyt
¢ and his-cyt ¢ on ATO were performed by Dr. Stefano Frasca and Dr. Anabel Molero and are

presently summarized for publication.
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5.3 Tin-rich Indium Tin Oxide (ITOrgr) thin film elec-
trodes for his-tagged horse heart Cytochrome c - im-

mobilization strategy

5.3.1 Introduction

Among all different TCOs, ITO still is the most frequently used, due to its superior conductivity
(range of 104 S cm™!) and excellent transparency (up to 85%). For the introduction of the
material see chapter section 2.3.3. In the field of bioelectrochemistry, ITO is often applied
as a transparent electrode. Planar and mesoporous ITO have been used for the electrostatic
and covalent attachment of small heme proteins23,24,11 as well as of bulky proteins such as
photosystem I1.[284, 285, 128, 286]

A promising low-cost alternative to commercial ITO (ITO; IngOs: Sn-doped with 10 mol% SnIV)
is Tin-Rich ITO (ITOtR), contains an In : Sn ratio of 1:1. Albeit the reduced amounts of In,
ITOrR exhibits comparable performance to commercial ITO in regard to its conductivity and
transparency. ITOrgr has been originally developed as amorphous planar thin films via a single-
source molecular precursor by Aksu et al. [143] as described in section 2.3.3. Recent works by
Aksu et al. [143, 135] and Guiet et al. [146, 148, 147] describe the formation of nanostructured,
porous ITOrgr via a soft-templating approach using block-copolymers. Particular beneficial of
the one-step synthesis route developed by Guiet et al. in our group is the versatile tuneability
with respect to composition, morphology, and pore size.[148] With respect to the variety of re-
dox proteins regarding their surface properties and general size, the ITOrg thin film synthesis
approach describes a flexible and easy method for various designs of electrode platforms for indi-
vidual protein adsorption. The formation of mesoporous structures offers high surface areas and
thereby an increase of the protein loading, which is, in particular, interesting for biotechnology
applications. However, several studies on the protein incorporation in mesoporous ITO or ITOTg
revealed some inactive fractions of the respective protein after immobilization. A fundamental
understanding of the material-protein interaction is crucial, to achieve high loadings of functional

protein.

In this work, planar, thin ITOrg films were used as previously described (section 5.2) as a

platform for the immobilization of the well-characterized redox protein cyt c.

The general applicability of mesoporous ITOrg for the immobilization of biomolecules has been
demonstrated by the stable binding and high loading of the redox protein cyt ¢ within the meso-
porous network under preservation of the native electrochemical properties.[134] However, higher
protein loadings lead to a significant fraction of the adsorbed protein in an electrochemically in-
active state. In this context, the authors suggested the occurrence of protein agglomeration

within the pores of the material.

Even though, UV-vis absorption spectroscopy reveals information on the amount of adsorbed
protein and the oxidation state of the heme iron, deeper insights with respect to an understand-
ing of the protein-surface interplay are hard to derive from this technique. The effects of surface
environment on the protein are crucial factors regarding the retention of its integrity upon im-
mobilization. Conformational and orientational insights of the adsorbed protein are provided

by more sophisticated spectroscopic vibrational techniques, such as IR and RR spectroscopy,

119



which are required for the optimization of the surface-protein binding. In this context, fun-
damental studies of such proteins immobilized on novel conducting platforms demand further

spectro-electrochemical insights, which will be shown in chapter 6.

The following section discusses ITOrgr as a suitable electrode material with respect to its bio-
compatibility for the immobilization of cyt ¢ and the electrocatalytic active enzyme, Re MBH, by
ATR-IR spectro-electrochemistry and studies about a possible his-tag affinity on ITOrg surfaces

in comparison to those on ATO, vide supra.

5.3.2 ITOrg thin film preparation and characterization

Indluma(l) n{ll) fert-butyl oxide

Figure 5.6: (A) Structure of the precursor indium(I)-tin(II)-tert-butyl oxide (ITBO), tin atom depicted
in green, indium in light blue, oxygen atoms in yellow and carbon in black. (B) SEM image in low
magnification and (C) photograph of an ITOrg- film coated on a Si-prism using the procedure reported
in the experimental part. Inset in (B) represents the cross section of an ITOrr- film coated on a Si-wafer
applying the same procedure.

Tin-Rich ITO (ITO1gr) was coated on the Si-prism to investigate its compatibility for protein
interaction by ATR-IR spectroscopy. ITOrr with an In to Sn ratio close to one is obtained
by thermal decomposition of the molecular single-source precursor indium(I)-tin(IT)-tert-butyl
oxide (ITBO) (see Figure 5.6A). For the modification of the ATR-IR set-up, ITOrg thin films
were coated on the IR-transparent silicon prism, which acts here as the platform of the spectro-
electrochemical cell as described in chapter 3. As shown in the HR-SEM micrograph in Figure
5.6B, thin films with a smooth surface and a homogeneous film thickness of approx. 40 nm + 10
nm were obtained and occur as a light gray film on the surface of the Si-prism due to the light
reflection as presented in Figure 5.6C. Coated on glass coated ITO films, ITOg films appear
transparent. Conductivity measurements were performed on different ITOrg-coated Si-prism
samples (in the minimum for three different spots of each sample) exhibiting a mean resistivity
of 0.04 Q2 cm, i.e. a conductivity of 25 S/cm (commercial ITO: 104 S/cm). The sheet resistance of
the films was determined by 4 point probe measurements resulting in an average sheet resistance
of 1.4-105 Q/ [ after the first calcination under air and 7.2-104 2 /D after the second calcination
under forming gas (10 % Ha, 90 % N2; flow rate “30 mL/min). Therefore, the synthesized films
should in principle provide a sufficient conductivity and IR-transparency throughout the entire

film for spectro-electrochemical studies.
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Figure 5.7: ATR-IR absorbance spectra of a bare ITOrx film coated on a Si-prism. (A) black; reference
spectrum: (a) ITOrgr-coated on Si-prism against air, and (b) after addition of potassium phosphate
(PB) buffer (blue; b-a). (B) PB buffer on ITOrr— PB purged with Ar (green; c-b) or with Ha (red; d-c).
Reference spectrum used for (a) monitored by uncoated Si-prism. For each spectrum from (b) to (d),
the respective preceding spectrum was used as a reference spectrum.

In order to monitor the transparency of ITOrg thin films in the mid-IR region, the IR spectrum
of the bare Si-prism was measured before coating the prism with ITOrgr and subsequent to the
calcination procedure as a reference in ATR mode. Figure 5.7A displays the Si-prism coated with
ITOrgr thin film as prepared as a reference for all follow-up experiments. The black spectrum
in Fig. 5.7A exhibits particularly strong bands below 1500 cm™, which can be assigned to
Si-O vibrations. In general, Si-O surface layers are formed on Silicon within few minutes under
exposure to air and can be even inherently existent in the Si-prism. The observed Si-O bands may
also occur due to variations in the amount of Silicon oxide species between reference and sample
spectrum, which were taken prior and after the ITOrg film preparation, respectively. Especially
the calcination step under air after the precursor film deposition may favor the formation of a
Si-O layer. Since the Si-prism has to be disassembled and readjusted in the ATR-set up for the
ITOrg film coating, the spectral changes compared to the prior monitored reference spectrum
may appear even stronger due to fluctuations of the measured area. Notably, the ITOrr film
exhibits a high overall transparency in the recorded mid-IR region from 3800 — 1000 cm™. Even if
we have to account for possible spectral SiO contribution, the most interesting region for protein
backbone investigations (in term of secondary structure) above 1500 cm™ does hardly display any
absorption. Thus, the spectrum recorded after the addition of potassium phosphate (PB) buffer
just displays the typical water vibrations, such as a broad O-H stretching vibration at around
3400 cm™! and the corresponding bending vibration at 1633 cm™. Moreover, the described
transparency in the observed IR region is preserved upon gas saturation of the buffer solution
with Ar and Hs, thus excluding significant baseline shifts upon gas exchange experiments. Only
some spectral changes below 1500 cm™ are observed. These can be attributed to temperature
fluctuations occurring between the recording of background and sample spectrum; fluctuations
which might also be related to the gas purging of the electrolyte. Thus, the prism inherent
Si-O absorptions can be detected to some extent, see Figure 5.7B. This may even occur under

temperature control by a thermostat.
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5.3.3 Immobilization of horse heart Cytochrome c and his-tagged Cy-

tochrome c on ITOtgr

Taking advantage of the transparency for IR light of the thin ITOrg film(s), the protein ad-
sorption during the immobilization process was monitored by IR spectroscopy in the ATR mode
in the Kretschmann configuration. To compare the “performance” of the ITOrg thin films in
comparison to the previously studied ATO ones (section 5.2), two modifications of the heme
protein cytochrome ¢ (cyt c), i.e. cyt ¢ equipped at its N-terminus with the his-tagged (his-cyt
¢) and non-tagged cyt ¢ (cyt ¢) were used as probe proteins. Indeed, cyt ¢ exhibits strong and
well known vibrational bands, allowing to monitor the adsorption and state of cyt ¢ on ITOrg
by ATR-IR.
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Figure 5.8: ATR-IR spectra of (A) cyt ¢ and (B) his-cyt ¢ during adsorption on an ITOrgr surface.
Respective time courses of amide I (B) and amide IT (@) band intensities for cyt ¢ (C) and his-cyt ¢ (D)
upon ITOTr surface adsorption and various washing procedures. Nonspecific binding is investigated by
repeated washing with buffer solutions (pink data points). Only washing cycles with 750 mM imidazole
buffer lead to a significant desorption of the specifically bound his-tagged cyt ¢ (blue data points). (C)
Monoexponential fits with A = Ag - A; exp(—t/71) to the time courses of cyt ¢ specific intensities and
(D) Biexponential fits with A = Ag - A1 exp(—t/71) - A2 exp(—t/72) to the time courses of his-cyt ¢
characteristic absorptions were carried out in the time period 0 < t < 30 min and are depicted as black
lines for binding process.

Figure 5.8A and B display the corresponding ATR-IR spectra of immobilized proteins recorded

within 30 min of incubation. The bands located at 1654 cm™ and 1548 cm™ are assigned to
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the amide I and IT band, respectively, both arising from vibrations of the backbone structure of
the protein (described in section 2.2.2.4). After 30 minutes of immobilization, the ATR-IR band
intensities of the immobilized his-cyt ¢ are about three times higher than those obtained for non-
tagged cyt c, indicating a higher protein loading of the his-tagged protein on the ITOrr surface
(see Figure 5.8A,B). In both cases, the protein surface coverage was estimated by evaluating
the protein concentration of the incubation solution by UV-Vis spectroscopy before and after

incubation of the ITOrg surfaces (see Figure 5.9).
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Figure 5.9: UV-Vis spectra of (A) cyt ¢ and (B) his-cyt c solutions before (black) and after (red) 30
minutes of incubation of and ITOrr coated Si-prism for ATR-IR measurements.

Figure 5.9 shows the corresponding UV-Vis spectra of the cyt ¢ and his-cyt ¢ solutions (7 pM pro-
tein in PB buffer) used for incubation of ITOrgr-covered Si-prism. The solutions were measured
by UV-Vis spectroscopy just before and after incubation. From the intensity loss of the soret
band at 416 nm the amount of surface adsorbed protein was estimated relative to the known con-
centration of protein in solution (7 pM/mL). In line with the IR results, a lower surface coverage
of 4.5 pmol/cm? was determined for cyt ¢ adsorption on ITOTg, while an approx. three times
higher surface coverage of about 16 pmol/cm? was determined for his-cyt c. Taking into account

I a submonolayer

the theoretical maximum coverage for a cyt ¢ monolayer (i.e. 15 pmol/cm?)
coverage was obtained for cyt c, while in the case of his-cyt ¢ a coverage close to a monolayer

was achieved.[287]

Furthermore, both cyt ¢ and his-cyt ¢ spectra display slightly shifted soret bands at 416 nm and
Q bands at 520 nm and 550 nm, just as reported for the reduced state of native cyt c. This
indicates that the proteins were purified in the reduced state.[288] To minor extends the oxidized
species is covered by the spectra reduced spectra with soret bands at 410 nm and a broader band
at 530 nm.

Kinetic analysis of the amide I and amide IT band intensity evolution of cyt ¢ (Fig. 5.8C) exhibit
a fast growth; growth which can be fitted by a mono-exponential function. This suggests a
fast attainment of the saturation level of protein at the surface, which is mostly reached within
the acquisition time of the first spectrum. Final cyt ¢ absorbance values of 0.6 mOD and 0.47
mOD are observed for amide I and amide II band intensities, respectively. In contrary, the

kinetic analysis of his-cyt ¢ adsorption reveals a biexponential growth and three times higher

Ldetermined by using the size of horse heart cytochrome c determined by crystal structure analysis
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final intensities for amide I and amide II intensities accounting for 1.14 mOD and 0.88 mOD,
respectively. Both, cyt ¢ and his-cyt ¢ on ITOrr exhibit constant amide I/amide IT ratios of
about 1.3 within the entire adsorption time. This correlates well with the previously observed
ratio of cyt ¢ and his-cyt ¢ on ATO materials (vide supra) and also corresponds to the ratio

recorded for native cyt ¢ in solution.

Indications for the presence of a different binding mechanism of the tagged and untagged protein
on the ITOrg surface were provided by selective desorption experiments. Consecutively after the
adsorption, desorption experiments carried out on untagged cyt ¢ immobilized on planar ITOpg
(Fig. 5.8C, pink) show a complete desorption of the untagged protein from the ITOrg surface
already by a buffer exchange with a buffer of weak ionic strength (10 mM Tris buffer). As can be
seen in Fig. 5.8, buffer exchange leads to a continuous and almost complete amide bands intensity
loss (accounting for 95%). This points to a weak electrostatic binding between the untagged cyt
¢ and the ITOrgR surface and agrees well with the in literature formulated hypothesis of a weak
electrostatic interaction between native (un-tagged) cyt ¢ and commercial ITO electrodes and
is analog to our observations regarding the cyt c—ATO interaction, vide supra. In contrast, the
same desorption experiment performed on his-cyt ¢ adsorbed on ITOrr (Fig. 5.8D) shows only
a slight decrease of the IR intensities of the amide I and amide II bands. Even under usage of a
high ionic strength buffer containing saturated KCI, the protein remained adsorbed at the metal
oxide surface. These results point to a strong and non-electrostatic protein-surface interaction
between his-cyt ¢ and the ITOrr surface. Only buffer exchanges with buffers containing high
concentrations of imidazole (750 mM), a high affinity ligand for metal complexation, lead to a
complete disappearance of the amide bands intensities. As such, a selective and quantitative
desorption of his-cyt c is verified under the addition of imidazole as previously observed in the
case of his-cyt ¢ immobilized on planar ATO. This strongly indicates that, in contrast to the
weak electrostatic cyt c-ITOrgr surface interaction, a strong hexa-histidine mediated complex-
compound interaction between the his-cyt ¢ and the ITOg surface take place. In this respect,
complexation of metal ions on the ITOTg surface such as Sn**, Sn?* or In3* by the hexa-histidine
tag as for instance known for Ni?* cations might be at the origin of this interaction. So far,
complexes with Ni?t, Zn2?*  Co?* or Cu?*[289] are known for highly selective interaction with
histidine-tagged proteins, as well as Fe?* complexes.[290] Fe?t [291] exhibits also an affinity to
imidazole binding, as well as Sn?* and very rarely In3* complexation is found, with only slightly
lowered affinity towards his-tagged proteins.[292, 293, 294, 295] Also, this would explain why
only imidazole could substantially remove the tag bound protein. Thereby, a binding via the

nitrogen of the imidazole group to exposed metal centers at the ITOrr surface can be assumed.

To clarify the necessity of exposed In®t and Sn** ions enabling the coordination for the here
observed his-tag affinity, a SiOy surface was incubated with his-cyt ¢. A thermally oxidized
(calcination under air) Si-prism under air usually forms an amorphous silicon dioxide (SiO2)
surface layer at the prism surface. In contrast to the hydrophobic H-terminated Si-prism (see
section 5.2.1), this oxygenated Si surface consists of siloxane (Si-O-Si) and silanol (Si-OH) groups
and in contact with aqueous solutions, the outermost layer is hydrated to form predominantly
silanol groups (SiOH).[296] The amphoteric property of such a silica surface is defined through
deprotonation and protonation of its surface silanol groups, which can be classified into two
groups with in-plane and outer-plane hydrogen bonds, related with the observation of two pKa
values at around 5 and 7.5 to 9, respectively.[104, 297] Hence, it can be assumed that under

neutral and basic conditions, the silica surface is neutral or slightly negatively charged. In this
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regard, the SiO4y surface should offer weak electrostatic binding sites for positively charged his-
cyt ¢, and was therefore used to probe the corresponding protein-surface interaction without the

presence of any metal ion for a selective complexation.
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Figure 5.10: (A) ATR-IR spectra of his-cyt c¢ recorded upon surface immobilization on a thermally
oxidized Si-prism and (B) kinetic analysis of the adsorption monitored by the marked amide T (H)
and amide II (@) band intensities during this process (black) and during desorption (pink and violet).
Fractions of nonspecific binding are detected by repeated buffer washing procedures with phosphate
buffer (pink) and with 3M KCI PB solution (violet). A biexponential fit with A = Ag + Ay exp(-t/t1)
+ Ag exp(-t/ t2) was applied in the time period of 0 < t < 30 min and is depicted as black line for the
binding process.

Table 5.3: Kinetic analysis of selected amide I and amide II band intensities*

amide band Ao (mOD)  A; (mOD) 11 (min) Az (mOD) T2 min
cyt ¢ on ITOR

1654 cm™! 0.60 £ 0.23 0.60 £ 0.02 1.65 + 0.16

1547 cm™! 0.47 £ 0.04 0.47 £0.01 1.13 +0.14

his-cyt ¢ on ITOTR

1654 cm™ 1.49 1.25 £ 0.13 4.76 £0.72 0.27 £ 0.10 13.10 &+ 3.35
1548 ¢cm™! 0.88 0.51 £ 0.08 870+ 0.84 0.36+0.05 2.34+ 0.54
his-cyt ¢ on SiOy

1654 cm™ 1.15 0394+ 016 24+083 0.76+0.16 7.64+ 0.85
1547 cm™ 0.89 0.41 £ 0.07 252 £ 043 0.48 +£0.07 9.67 + 0.87

*Results of fitting the monoexponential function (A = Ag + A1 exp(-t/71)) for native cyt c to the time
course of its amide I (1654 cm™", R2 = 0,992) and amide II (1547 cm ™", R? =0,99466) band intensities;
respective fitting results of biexponential function ( A = Ag + A1 exp(-t/71) + A2 exp(-t/ t2)) for his-cyt
¢ binding on ITOrg film with amide I (1654 cm™", R*= 0,996) and amide II (1548 cm™*, R? = 0,99649)
band intensities and also for his-cyt ¢ immobilization on oxidized Si-prism with amide I (1654 cm ', R?
=0,9994) and amide II (1548 cm ™!, R? = 0,9988) band intensities. All applied in the time period 0 < t
< 30 min.

Figure 5.10 displays the successful adsorption of his-cyt ¢ on the oxidized Si-prism displayed by

the steadily increasing amide band intensities recorded during the underlying binding process as
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a function of time. Before the washing with 3M KCl, a buffer exchange with the 10 mM Tris
buffer was carried out, which lead to a slight loss of amide I and amide II band intensities. After
subsequent washing with 3M KCI buffer solution, the amide band intensities disappear almost
entirely. Hence, a weak, electrostatic interaction of his-cyt at the oxidized interface is observed.
The displayed adsorption interaction differs clearly from the previously observed interaction
between his-cyt ¢ and ITOrg, which remained unaltered even under exposure to buffer solutions
with higher ionic strengths. This indirectly verifies the specific affinity of the histidine tag for
on the ITOTg surface and in particular for the exposed surface cations such as Sn**, Sn?* and
In3*. Considering that for both ATO and ITOrg a his-tag affinity for the metal oxide surface
could be revealed and that both oxides expose Sn**t and possibly Sn?* surface cations, it is more

than likely that the actual binding occurs via the tin centers rather than the In3* centers.

The different binding mechanism of the tagged and non-tagged protein on the ITOrg surface is
also reflected by the observed time evolution of amide band intensities upon immobilization as
shown in Figure 5.10. Two different processes can be discriminated as a result of varying surface
interactions. As expected for an unspecific binding, cyt ¢ binds immediately to the surface, which
is perceived as a fast increase of the amide band intensities until a saturation level is reached
at 0.6 mOD for the amide I species. Table 5.3 displays the monoexponential fit applied to the
obtained absorption intensities of amide I and amide II bands, exhibiting a time constant of t
= 1.65 min for amide I. This fast and mono-exponential adsorption course is often described by
the Langmuir isotherm model. It is based on the assumption that only a monomolecular layer
of non-interacting adsorbent molecules is formed at the surface of interest with all adsorption
sites on this surface exhibiting equal adsorption energies. In other words, the adsorption of cyt
¢ on ITOrgr can be assumed as a fast diffusion limited process which occurs without any slow
preorientation processes in electrostatic interaction close to the surface before adsorption. Such
an adsorption process would presumably result in a random surface binding of the protein with
a high distribution of different protein orientations at the surface. In fact, this assumption will

be further verified in chapter, vide infra.

In contrast to cyt c, his-cyt ¢ shows a continuous amide band increase over the complete adsorp-
tion time, which can be described by two different adsorption growth phases within the observed
time frame. An appropriate fit for the his-cyt ¢ adsorption kinetic could be accomplished with
a bi-exponential model. The first absorption regime is thereby the main and faster process with
11 = 4.76 min, yielding 86% of the total band intensity. This correlates with a comparable time
range observed already for his-tag binding on planar ATO surfaces and differs from the slower
time constant for unspecific cyt ¢ binding on ITOgr. The second, slower process is only related
with an addition increase of 9% with respect to the overall adsorption intensity, exhibiting a time
constant of 1o = 13.1 min. Subsequent washing procedures involving buffer exchanges carried
out to remove unspecifically bound protein lead to a slight decrease of the amide band intensities.
This is in line with desorption of a minor protein fraction, which is unspecifically bound to the

surface.

5.3.4 Band assignment of Cytochrome c on ITOrgr

As displayed in Figure 5.11, cyt ¢ immobilized electrostatically on ITOrTg and his-cyt ¢ immobi-
lized on oxidized Silicon reveal exactly the same band positions in the second derivatives of the

absolute ATR-IR spectra. For his-cyt ¢ coordinatively bound to the ITOrgr surface via the his-

tag however, slight shifts for the bands at 1554 cm™ and 1635 cm™! with maximal 2 wavenumbers
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are observed in the amide I region.
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Figure 5.11: Second derivative of the ATR-IR spectra of cyt ¢ (black) and his-cyt ¢ (red) on ITOrr
and his-cyt ¢ on an oxidized Si-prism (blue) after 30 min of adsorption.

Table 5.4: Assignment of the observed amide I and II bands related to secondary structure elements

and side chains*

observed / cm™  observed / cm™ SEIRA values of cyt ¢ literature

cyt c on ITOrr  his-cyt c on ITOrr  assignment designation on Au-SAM / cm™ values / cm™
and on oxidized Si [232] [283, 282]

- - (1690) amide I B-turn 1680 1674 - 1675

1679 1679 (1679) amide I B-turn 1680 1674 - 1675

1656 1654 (1656) amide I o-helix and loop 1659 1650 - 1656

1646 1646 (1646) amide I unordered/ -sheet 1643 1641 - 1649

1633 1635 (1632) amide I extended [-strand 1633 1634 - 1636

1613 -(-) B-sheet

1568 1568 (1568) amide IT B-turn - -

1550 1549 (1549) amide II B-turn /alpha helix 1551 1547

1533 1534 (1534) amide 1T

1515 1515 (1515) tyrosine in-plane ring vibration 1517 1517

* references of literature values according to assigment in table 5.2.

127



5.3.5 Conclusion

It was shown that ATR-IR spectroscopy is a powerful tool for monitoring the adsorption pro-
cesses of cyt ¢ and his-cyt ¢ on planar ITOrg electrodes in order to understand the prevailing
interactions between the proteins and the metal oxide surface. With moderate absorbance inten-
sities in the range of 0.6 to 1.6 mOD, the amide I and amide IT bands of the protein exhibited
a comparable spectral pattern to previously reported ATR-IR works of cyt ¢ on conductive sur-
faces, including those involving a surface enhancement effect (SEIRA). These findings prove that
the mid-infrared (MIR) transparency of ITOrg thin film coatings allows for a proper probing
of adsorbed biomolecules even at submonolayer coverage. Moreover, the significantly increased
band intensity of his-cyt ¢ indicates a high binding affinity of the tagged protein towards the
ITOrgr surface in comparison to the native, non-tagged cyt c. Also, the different adsorption
and desorption behaviors observed for cyt ¢ and his-cyt ¢ clearly point to a change in inter-
action mechanism of tagged vs. non-tagged cyt c. While cyt c¢ could be removed using only
buffer solutions with high ionic strength, his-cyt ¢ was only removed upon addition of highly
concentrated imidazole solution. The latter fact points towards a strong interaction between
the hexa-histidine tag and the ITOrgr surface. This selective binding type enables a direct,
stable and reversible surface attachment without the requirement of any surface modifications,
by for example Ni-Nitrilotriacetic acid (Ni-NTA) complexes. The ability to perform ATR-IR
spectroscopy on transparent metal oxide coatings allows the monitoring of the adsorption be-
havior of a protein on these metal oxide thin films (even at sub-monolayer concentrations) as
well as probe protein-metal surface interaction and compatibility. Hence, this setup provides
a prospective powerful tool to characterize native secondary structure elements of proteins and

their interaction with TCO surfaces.
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Chapter 6

Spectro-electrochemical insights
into Membrane-Bound [NiFe]
Hydrogenase of Ralstonia

eutropha on ITOrR electrodes
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6.1 Introduction

Despite the central role semiconductor-electrocatalyst interfaces play in recent research, the en-
ergetics and charge-transfer processes at these interfaces are only poorly understood to date.
Especially, since the experimental tools for a direct measurement of the interfacial processes
are lacking. Although the theory of semiconductor-electrolyte interfaces is well developed under
dark conditions (see section 2.4.3) as well as under photoexcitation,[298] there has been only
limited work in this context regarding surface-attached electrocatalysts. The observable cur-
rent—voltage responses of semiconductor-electrocatalyst systems do require profound studies on
a molecular level for an accurate interpretation. So far, previously established models do not in-
volve the electrocatalytic process at the electrocatalyst-electrolyte interface independently from
the charge separation process at the semiconductor-electrolyte interface, e.g. Gerischer model, see
section.2.4.3.1 However, the latter model compromises only a simplified, partial aspect of a more
complex interplay of the different compounds of the semiconductor-electrocatalyst-electrolyte

systems.

Recently, works on enzyme catalysis performed on TCO semiconductors under exclusion of light
revealed unexpected results, namely, high catalytic efficiencies even when product inhibition
takes place and a shifted bias of the underlying catalytic reaction explained by the particular
electronic properties of the semiconductor in direct electric contact with the enzyme of inter-
est. Furthermore, electrochemical investigations on an [NiFeSe] hydrogenase adsorbed on n-type
semiconductor film electrodes (TiOz, CdS) were carried out by Bachmeier et al. [299] For both
cases an enhanced Hs-production of the adsorbed hydrogenase is reported, even under highly re-
strictive product inhibition, i.e. under Hy-saturated electrolyte. The authors propose a junction
between hydrogenase and semiconducting material for this remarkable effect by claiming an en-
hanced interfacial ET at the semiconductor electrode-hydrogenase interface, section 2.4.3.[299] A
similar effect, namely, an enhanced hydrogen evolution reaction (HER) of the [FeFe] hydrogenase
from Clostridium acetobutylicum was reported by King et al, when the enzyme was adsorbed on

semiconducting carbon nanotubes.[300]

These findings emphasize the need for fundamental investigations by means of spectro-electrochemical
approaches to obtain a fundamental understanding of the impact on the hydrogenase upon
semiconductor-enzyme interactions, which is so far lacking. In this context, IR spectro-electrochemistry
is a powerful tool to study and optimize the adsorption of hydrogenase for a fast and direct in-
terfacial electron transfer as well as to study the prevailing redox states of the active site located

close to the semiconductor-enzyme junction.

In the previous section a selective binding of his-tagged cyt ¢ to metal oxide surfaces such as
ITOrr and ATO via a hexahistidine-tag extension, attached to the N-terminal of the protein

(see section 5.4) could be verified.

The attachment of a polyhistidine-tag (polyhis-tag) to either the C-terminus or N-terminus of
a protein is perhaps the most commonly used method in recombinant protein technology to
facilitate their purification. Unlike other fusion protein strategies, the polyhis-tag approach can
be applied to proteins in their native states as well as to small peptides. When used in protein
based (bio)technological applications, this strategy effectively combines the steps of purification
and his-tag mediated surface binding, as simultaneously a specific anchor was introduced. The
corresponding bond via the coordination of histidines to a metal cation (see section 5.2.3; Table

5.4) is highly stable and can be only reversed in the presence of high concentration of competing
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ligands such as imidazole. With the previously discussed successful immobilization of his-tag cyt
con ITOrR and ATO (see chapter 5), the his-tag mediated direct binding with these metal oxide
semiconductor surfaces and in particular with ITOrg is extended to a far more complex enzyme,
i.e. to the his-tagged membrane bound oxygen-tolerant hydrogenase from Ralstonia eutropha

(his-MBH), in order to establish enzyme catalysis upon this type of his-tag mediated interaction.

The critical questions using such a large bio-electrocatalysts as demonstrated in chapter 4 are
addressed in the following section. The focus lies on (i) the kinetic of enzyme immobilization, (ii)
the mode of enzyme binding, and (iii) the enzyme-electrode interaction under turnover conditions.
The latter is of particular interest since semiconductor-hydrogenase interactions are reported to
enhance the specific catalytic activity of hydrogenases. Depending on the hydrogenase reaction
(HER or HOR) and type of semiconductor (p- or n-type), the electron transfer rate (see section
2.4.3) can be enhanced with [270] or without light [299, 300].

The enhanced enzyme activities in response to semiconductor-enzyme interactions and the altered
reaction biases will be investigated for MBH-ITOrg systems and models for possible semicon-

ductor—enzyme interactions explaining enhanced catalysis will be discussed.

6.2 Adsorption behavior of his-tagged MBH on ITOrr

The adsorption of his-MBH on ITOrg thin films was studied. Hereby, ATR-IR spectroscopy
allows gaining insights into the enzyme’s integrity as well as the state of the active site upon
interaction with the ITOrg surface. The direct binding interaction between the enzyme and the
ITOrg electrode is shown by desorption experiments, which verify the selective his-tag binding.

Concomitant AFM measurements allowed an estimation of the enzyme coverage.

6.2.1 ATR-FTIR on his-tagged MBH on ITOrgr

Taking advantage of the high binding affinity of his-tags towards the ITOrg surface, as shown in
sectionb.8, a far more complex and highly interesting enzyme for biotechnological applications,
i.e. the his-tagged membrane-bound [NiFe| hydrogenase (his-MBH) from Ralstonia eutropha

(Re), was investigated for selective his-tag affinity binding on the ITOrg surface.

Via facile variation in the purification process, the oxygen-tolerant membrane-bound hydrogenase
from Ralstonia eutropha (Re) was engineered with a his-tag anchor (his-MBH) for selective his-
tag binding directly on the ITOrg surface. Figure 6.1A exhibits ATR-IR spectra of hissMBH
upon its adsorption on a planar ITOrg surface in the amide I and II band region (for SEM
images of the planar surface see 5.3.2; Fig. 5.6). Within the adsorption time of 30 minutes, the
corresponding amide I and amide II band intensities at 1650 cm™ and 1548cm™!, respectively, were
monitored to elucidate the adsorption kinetics (Fig. 6.1B). By fitting a biexponential function
to the data, two adsorption processes, a fast and a slow one, terminated at 10 and 30 minutes,
respectively, were detected (see Table6.1). The completion of the first step of the biexponential
adsorption process is indicated by a vertical dashed pink line in Fig. 6.1B, which seems essential
for the activity of the ITOTr-immobilized his-tagged MBH as demonstrated below (see Fig. 6.4).
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Figure 6.1: (A) ATR-IR spectra of his-MBH immobilized on planar ITO7gr within 30 min in 10 mM
PB buffer at pH 7. (B) Binding kinetics monitored by the time course of the amide I (M) and amide 1T
(@) band intensities (black). Biexponential fit (A = Ag + A1 exp(-t/71) + A2 exp(-t/ t2)) was applied
(results see Table 6.1). The dashed vertical pink line describes the time at which the first exponential
growth is mostly completed. (C) ATR-IR spectrum of his-MBH on ITOrr after completion of first
(dashed pink) and second (final; solid black) exponential adsorption process, i.e. after 10 min and after
30 min, respectively; evaluated from results of biexponential fit. (D) Spectral region of the active site
of ITOrr-adsorbed his-MBH (top) and the related IR transmission data of his-MBH in bulk solution
(bottom).

Table 6.1: Adsorption kinetics of amide I and amide IT*

amide band Ao (mOD)  A; (mOD) 11 (min) Az (mOD) T2 min
his-MBH on ITOTR

1650 cm™ 4.78 377 £ 077 657 £049 1.31 £0.79 20.31 + 8.52
1548 cm™ 2.87 251 +£ 081 6.70 £1.58 0.56 £ 0.08 26.22 + 8.26

*Results of fitting the biexponential function A = Ag + A; exp(-t/71) + A2 exp(-t/ 12) to the time course
of the amide T (1650 cm ™!, R? = 0,99703) and amide IT (1548 cm ™!, R? = 0,99703) band intensities of
his-MBH during the entire adsorption process (0 < t < 30 min).
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The time regimes determined for his-tag-MBH on ITOrg (see Table 6.1) are similar to the

previously determined time regimes for his-cyt ¢ binding on ITOTg (see section 5.3.3).

Figure 6.1C shows the amide I and IT absorption bands of his-MBH immobilized on ITOrg after
10 min and 30 min of immobilization, pink and black curves, respectively. In both cases, high
IR band intensities (3.1 mOD and 4.8 mOD, respectively) were obtained, indicating a sufficient
surface coverage of the enzyme on the ITOrg surface for IR detection. Although no plasmonic
surface enhancement is expected on ITOrg surfaces in comparison to nanostructured Au surfaces
(for a detailed discussion see chapter 7), the active site of the ITOpg-immobilized his-MBH could
still be monitored in the typical region characteristic for at least the CO ligand vibrational modes

of the [NiFe] catalytic center (Figure 6.1D, upper graphic).

As can be seen in Figure 6.1D, two different redox states can be distinguished. The band at
1947 cm™ is unambiguously assigned to the CO ligand present in the oxidized Ni,-B state,
which is ascribed to a reversibly inactivated state of the active site. The band at 1934 cm™ in
turn might be correlated to the CO stretching vibrations may be ascribed to Ni, /,-S or Nij,-S
state, representing a slightly more reduced redox state of the active site, with an EPR silent Ni?*
species harboring presumably a OH- or an H,0 in the bridging position to the Fe?*, or a modified
Nij,-S form which appears irreversibly inactivated with respect to hydrogen exposure.[204, 5] For
comparison, a solution spectrum in the spectral region characteristic for the active-site of his-
MBH is shown in Fig. 6.1D (bottom graphic). The analysis of the solution spectrum of the
protein batch used for immobilization revealed in line with literature reports, the presence of
Ni,-B in solution as well as of another typical and Ni,-S subspecies (shoulder at 1942 cm™) in
minor concentrations.[5] Hence, the additional state at 1934 cm™ seems to be formed or at least
enriched upon enzyme interaction with the ITOrr surface after immobilization of the his-tagged
MBH on ITO7g.

6.2.2 AFM studies on his-tagged MBH coverage

AFM measurements confirm a compact coverage of his-MBH on the ITOrg surface after 30 min
of immobilization (see Fig. 6.2). AFM images are shown before and after enzyme incubation
in Figure 6.2A and 6.2B, respectively. The planar ITOpgr exhibits an intrinsic surface structure
with a low roughness due to its porosity with pore sizes of ca. 2 nm (Fig. 6.2A), possibly
originating from the thermally induced decomposition during calcination of the organic fraction
of the indium(I)-tin(II)-tri-tertbutyloxide (ITBO) precursor used for ITOTr synthesis. Figure
6.2B presents the AFM image of an ITOrg surface after 30 min of his-MBH immobilization,
which obviously differs from the bare ITOTr by the presence of large spherical units; units which
can be attributed to his-MBH molecules. The corresponding diameter of a single unit can be
determined from the lateral periodicity in the corresponding AFM height-profile to approximately
10.7 nm (Figure 6.2C). Consistently, similar unit sizes were determined by AFM for strep-MBH
adsorbed on SAM-modified Au electrodes (see section 4.2.3). The size determination could not
be accomplished by using the height in the z-profile, due to its limited resolution, which is given
by the width of the AFM tips used in this study (7 nm in the present case). In contrast to
the previous study on gold surfaces (see chapter 4), ellipsometric measurements could not be
performed on the ITOr-coated Si-prism to corroborate the formation of a monolayer MBH film

on the ITOTR surface. Indeed, as the thickness of the planar ITOrg films deposited on the
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prism differs slightly for each coating and varies throughout the film, no suitable model could be

developed for the corresponding data fitting of the ellipsometric data.

Determination of the average coverage of his-MBH on the ITOrg films was realized by counting
enzyme units for at least 10 different areas in each image in vertical and horizontal direction and
averaged. This procedure was applied for every examined AFM sample at low magnification (2
pm x 2 pm) and higher magnifications (500 nm x 500 nm and 200 nm x 200 nm) with at least
three images of three different sample areas for each magnification. By using this methodology,
a his-MBH surface coverage of I'yi;-MBH= 0.54 pmol cm™? was determined on ITOrg. The
theoretical, maximum coverage of his-MBH, assuming an ideal planar electrode surface and a
solid sphere of approximately 7 nm in diameter (reasonable size based on the crystal structure
of the MBH), leads to a maximal theoretical coverage of I'theo= 3.4 pmol cm?; ie. a 6 times

higher coverage than the experimental coverage determined by AFM.
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Figure 6.2: Topographic AFM mapping in the non-contact-mode of planar ITOrg surface (A) before and
(B) after 30 min of immobilization of his-MBH in 10 mM PB buffer at pH 7. The dashed line indicates
the course of the height profiles shown in (C) prior (blue curve) and after his-MBH immobilization

(orange curve).

The coverage of his-MBH on ITOrgr and strep-MBH on ITOrgr as well as on SAM-modified
Au surfaces as well as its correlation with recorded IR band intensities will be compared and

discussed in chapter 7, vide infra.
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6.2.3 Desorption experiments of his-tagged MBH on ITOrgr

The binding interaction of his-MBH with the ITOrgr surface was studied in various desorption

experiments as displayed in Figure 6.3.
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Figure 6.3: Kinetic analysis of the his-MBH surface binding on a planar ITOrg surface during adsorption
(black), monitored by the time course of amide T (M) and amide II (®) band intensities. Fractions
of nonspecific interactions are elucidated by repeated buffer washing at higher ionic strengths (3M
KCl) (pink). Only after iterated incubation with 750 mM imidazole buffer, the dominating portion of
specifically bound his-MBH decreased significantly (blue).

Analogously to his-cyt ¢ (chapter 5), the amide I and amide II band intensities remained un-
affected by the washing procedures with buffer underlining the presence of a stable and non-
electrostatic interaction between the his-MBH and the ITOrgr surface (Fig. 6.3). Imidazole
addition could finally desorb the his-MBH selectively from the metal oxide surface. Hence, even
for a much more complex enzyme with twice the size of his-cyt ¢, the adsorption is shown to be

driven by its his-tag affinity to the ITOrgr surface.

6.2.4 Conclusions

This work presents studies of the adsorption behavior and observable redox states of a [NiFe] hy-
drogenase on a semiconductor surface by ATR-IR for the first time. His-MBH could be adsorbed
on planar ITOrg thin film electrodes. Upon adsorption on the ITOrgr surface, the integrity
of the his-MBH protein backbone as well as of its active center was maintained. During the
adsorption process, the amide I and amide II band intensities were monitored in situ revealing
a biexponential adsorption behavior. By means of desorption experiments the selective his-tag
binding of his-MBH to the ITOTgr surface could be revealed. Furthermore, the enzyme coverage
of his-MBH was determined on ITO1r by AFM measurements.
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Contrary to the investigations of strep-MBH on SAM-covered gold electrodes, on which predom-
inantly the Ni,-B state was observed, in this case of his-MBH on ITOrg surfaces, the Ni, /,-S,
partially reduced redox state, with an absorption band at 1934 cm™ was found significantly en-
riched on the ITOrg surface after immobilization of the his-MBH, suggesting a reductive effect
by the semiconductor on the his-MBH.

When strep-MBH was immobilized on SAM-modified Au electrodes, only the Ni,-B and rarely
the irreversibly inactive Ni;,-S species at 1930 cm™ were detected (see chapter 4.2.2). This other
state represents a partly reduced Ni(42)-S species, the so-called Ni,-S state, recently discussed
by Siebert et al..[224].

6.2.5 Under turnover conditions

The ATR-IR set-up allowed concomitant electrochemical investigations of the adsorbed his-MBH
on ITOrR surfaces, i.e. protein film voltammetric studies, which are discussed in the following

section.

6.2.5.1 Protein Film Voltammetry of hiss-MBH on ITOrgr electrodes

Protein film voltammetry was performed in the presence of Hy-saturated buffer after 10 min and
30 min of enzyme immobilization. Direct electron transfer (DET) between the immobilized his-
MBH and the ITOrr surface could be established (see Fig. 6.4). The voltammetric experiments
revealed current densities for Hy oxidation similar to those previously observed for Re MBH
immobilized on graphite, Ag electrodes, and Au electrodes (see chapter 4) in a range of some pA
cm2. The characteristic sigmoidal shape of the current-potential trace, as shown in Figure 6.4A,
reflects the electrocatalytic activity of the immobilized enzyme for Hs oxidation, including the
typical current drop at higher potentials, related to the reversible oxidative inactivation of the
Re MBH (see 2.21). This data indicates that the catalytic activity of his-MBH is preserved upon
adsorption on the unmodified ITOrg electrode. Notably, in comparison to the studies of strep-
tagged MBH on charged SAM-functionalized gold electrodes (averaged values of 2-8 1Acm™; see
section 4.2.4, Fig. 4.8) the adsorbed MBH on ITOrg exhibits a high catalytic performance (15
1A cm2) with current densities up to three to four times higher (see section 4.2.1). Interestingly,
previous attempts to immobilize his-tagged MBH on standard Ni**- Nitrilotriacetic acid (NTA)
modified gold electrodes did not reveal any electrochemical activity,[67] which might be related
to the large distance between the distal Fe-S cluster and the electrode surface, related to the
presence of the large NTA-bearing linker hampering any direct electron transfer. In contrast, a
direct his-tag mediated immobilization not only simplifies the electrode preparation (in the sense
that no surface modification of the electrode is needed) but also provides a prevailing orientation,
which favors direct electron transfer between the immobilized enzyme and the electrode. This is
particularly important, as especially complex and large biocatalysts such as the MBH may easily

risk their use in electrocatalytic applications due to “misorientation” on the electrode surface.

Electrochemical studies of CV measurements performed after different immobilization times on
ITOrgr-coated ITO/glass (ITO1r/ITO/glass) (see appendix Fig. 6.1) revealed the highest cat-

alytic current densities after 10 min of incubation (Fig. 6.4A).
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Figure 6.4: (A) Consecutive voltammetric traces of blank ITOrgr/Si-prism (dashed black) and Re his-
MBH immobilized on ITOrg for 10 min as well as (B) his-MBH immobilized for 30 min; before (black)
and after addition of 10pM methylene blue as mediator (blue) in the presence of Ha-saturated buffer.
The decreases of hydrogen oxidation and evolution reaction (HOR and HER) performed by his-MBH in
consecutive CVs are indicated by arrows. All voltammetric measurements were carried out in 10 mM
PB buffer at pH 5.5, at room temperature with a scan rate of 5 mV s™!. Potentials are given with respect

to the SHE reference electrode.

No effect of mediator addition was observed on the catalytic current density of hydrogen oxi-
dation, indicating a homogeneous and an optimal distribution of his-MBH orientations on the
electrode surface, enabling solely direct ET (Fig. 6.4A). For longer incubation times of 30 min
(see Figure 6.4B), a drastic loss (80-90%) of current density related to a direct electron transfer
is observed, although the intensity of the amide bands suggests a 25% higher enzyme coverage
on the ITO7g surface when compared to an incubation time of 10 min (see Figure 6.1). Upon
addition of a redox mediator, however, an increase of about twice the catalytic current for DET
was observed. In conclusion, increasing adsorption times and thus higher enzyme loadings lead
to a loss of enzyme activity concomitant with a less defined orientation of the his-MBH on the
ITOrg surface. This immense loss of catalytic activity within 30 min of incubation (80-90%)
might be caused by long-term instability of the enzyme. Indeed due to residual oxygen in solu-
tion, a certain enzyme instability upon successive CV cycling or upon prolonged immobilization
time is commonly observed regardless of the substrate material in use.[203, 33] Hence, the loss

of catalytic activity is not ascribed necessarily to the prolonged his-MBH-ITOrg interaction.

Fig. 6.4A shows the subsequently recorded voltammetric cycles of his-MBH on ITOrg, whereby
each cycle leads to a certain current density loss of the hydrogen oxidation reaction (HOR)
and the hydrogen evolution reaction (HER). However, the reason for the activity loss is not

understood in detail, yet.

Different factors can be considered for such catalytic current losses, such as active site damage,
enzyme structure denaturation or even enzyme crowding effects. Re heterodimer MBH exhibits
denaturation at its active site due to residual oxygen as reported for MBH in solution.[58] The
ATR-IR spectra of the CO ligand vibrational mode does not indicate a significant damage at
its active site, which usually can be monitored via the irreversibly inactivated Ni;,-S state (Fig.
6.1D). Also, enzyme functionality loss may be caused by alterations in the protein structure,
which might occur upon long-time exposure to the electrode substrate. However, in the case of
his-MBH on ITOrgr changes in the amide band pattern within the immobilization time are not
detected (Fig. 6.1A).

A possible explanation for activity loss with increasing enzyme coverage might be an effect due
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to enzyme crowding. In fact, enzyme crowding effect, deactivating the enzyme’s functionality
was recently shown in adsorption studies of bilirubin oxidase from Myrothecium verrucaria (Mv
BOD) on SAM-modified gold electrodes.[301] The trend of enzymatic activity loss by prolonged
immobilization times is discussed. In agreement with the results on his-MBH on ITOrg, these
findings for Mv BOD on SAM-coated gold electrodes confirm that incubations with higher en-
zyme concentration or over a longer time period result in a compact monolayer rather than a
preferential submonolayer, yielding to lower enzymatic activities.[301] As stated for Mv BOD,
longer immobilization times, and thus also higher enzyme coverages, resulting in loss of catalytic

currents was additionally accompanied with a reorientation of the enzyme molecules.

A further reason for the observed his-MBH activity loss upon interaction should be considered
by active site leaching or even metal ion leaching should be considered as a possible origin for

activity loss in case of metal oxide surfaces.

The his-tag directed/governed, well-aligned enzyme orientation on the surface has an impact on
certain electrochemical properties of the adsorbed MBH. Two major aspects were observed, which
can be related to the direct electronic contact of his-MBH to ITOrg electrode. Firstly, the shape
of the CV should be discussed. According to the work of Leger et al.,[213] broad current traces
originate from a highly diverse distribution of enzyme orientations with different ET rates. In
contrast, narrow traces can be related to a more homogeneous orientational enzyme distribution
at the surface. Therefore, the very narrow CV traces recorded for his-MBH immobilized for 10
min on ITOrgr compared to those where hiss-MBH is adsorbed on PGE might be indicating a
more homogeneous orientation of his-MBH on ITOrg than on PGE. Secondly, the OCP under
Hs atmosphere of his-MBH on ITOrgr (Eocp=-290 mV vs SHE) is altered in comparison to the
ones observed for his-MBH on PGE and strep-MBH immobilized on negatively charged SAM-
coated Au surfaces (Eocp=- 240 mV). The OCP of blank ITOrr without MBH adsorption is
not affected by Hy. The corresponding even slightly more negative OCP value may be a further
indication for an established direct and fast interfacial electron exchange, which seems to be
caused by the his-tag anchoring. Contemplating OCP as an empirical factor, the hissMBH on
ITOTr seems to indicate apparently affords not only a homogeneous distribution but also an
efficient electrode-enzyme heterogeneous ET, which so far is the best achieved enzyme-surface
interaction in this work. This conclusion could be derived from the comparison of all observed
OCP values of strep-MBH on Au surfaces and his- MBH on ITOrg, under Ar as well as Hy

atmosphere. The values are given in Table 7.4; chapter 7.

The CV traces of immobilized MBH represent also the involved redox states that prevail in
different potential regions. Upon cyclic scanning, catalytically inactive states are reactivated
in a redox process, marked empirically by a potential, denoted as Egyitch, which is defined as
an inflection point, which can be extracted from the CV’s first derivative.[242] Remarkably,
voltammetric traces of his-MBH on ITOrgr and on PGE differ with respect to their detectable
switch potentials (Egwitcn) by 100 mV, suggesting a shift of the reactivation of his-MBH on

ITOrgr to lower potentials.
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Figure 6.5: First recorded voltammetric traces before (dashed black line) and after 10 min of Re his-
MBH immobilization (solid line) on (A) ITOrr electrodes and (B) PGE electrodes in the presence of
Ar-saturated (green) and Ha-saturated (grey) 10mM PB electrolyte at pH 5.5. The indicated vertical
dashed red line corresponds to the standard potential of the Ha /H+ couple. (C) comparison of nor-
malized current densities involving proton oxidation and proton reduction of his-MBH on ITOrrand
PGE electrodes under Ar (black) and H: (grey) atmosphere, respectively. The presented activities
were normalized to the sum of maximal current densities of both, Hs oxidation and of Hs evolution.
All voltammetric measurements were carried out at room temperature with a scan rate of 5 mV s.
Potentials are given with respect to the SHE reference electrode.

As often observed for hydrogenases showing HER, e.g. standard hydrogenases, such as Hyd-
2 from E. coli or [FeFe]-hydrogenases, the related Egwitcn value is found at lower potentials
when compared to hydrogenases with less extended HER capabilities. Egwiten is thereby less
regarded as a thermodynamic equilibrium property but more as an empirical feature indicating
the conversion from “ready” Ni,-B to active Nia-S redox states. Generally, it was observed that
a shift of the switch potential to more positive potentials can be correlated with an increase in
catalytic activity of the hydrogenase towards hydrogen oxidation.[246] More interesting in the
present context is a comparison of the width of the potential windows where Hs oxidation occurs,
which is located between the catalytic onset potential and Egwitcn. In this respect, the CV current-
potential trace of hissMBH on ITOrgr appears as a compressed trace with a higher onset and a
lower switch potential compared to the CVs of MBH immobilized on PGE or Au-SAM systems.
On ITO7R, the width of the potential window for Hs oxidation is situated between Egnget=-180
mV and Egwiten=-+100 mV corresponding to a potential window of AE=280 mV. Contrarily, in
the case of his-MBH immobilization on PGE electrode, the corresponding width of the potential
region between Egpset=-250 mV and Egyiteh=+200 mV is much larger, accounting for AE=450
mV. The recorded CVs of the latter demonstrate only HOR current densities, whereby the same
his-MBH on ITOrg reveals both, HOR and HER, even in similar relative quantities. Similar
correlations between the observable potential window between the onset and switch potential and
the hydrogenases bias between towards the HOR and HER reactions were discussed for E coli
Hyd-2 and Hyd-1, respectively.[246] Hyd-2 displays a smaller potential window but reveals only
HER activity, whereas F. coli Hyd-1 exhibits HOR and no HER. The comparison of the exposed
potential window width should be treated as an empirical trend. Even if a differentiation for the
corresponding hydrogenase bias was detectable for different hydrogenases, the same observation
was also made for the same Re MBH by placing on different surfaces, which exhibit varying
surface interactions. Already for strep-MBH on SAM-coated, nanostructured Au surfaces with
different surface charges displayed a maximal potential difference of AE=50 mV for Egyitcn values
depending on the surface charge and probably the capability for interfacial electron transfers (see
section 4.2.1).
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As displayed in Figure 6.5A (gray line), strong negative currents at potentials below -180 mV vs
SHE were detected in the CV traces for his-MBH adsorbed on ITOrg in Hs saturated buffer,
while no such currents are recorded for the bare ITOr (dashed line) recorded as a reference.
Surprisingly, this behavior is only observed when the electrolyte is purged with Hy and not
as usually observed for hydrogenases after purging the electrolyte with Ar. This result is in
contradiction to the reported product inhibition of the MBH. To exclude any effect from the
enzyme preparation batch itself, the enzyme was adsorbed under the same conditions on a
standard PGE electrode (see Figure 6.5B). In line with previously reported experiments, only
Hs oxidation, but no Ha evolution was observed for the his-MBH immobilized on PGE.[205, 207]
Figure 6.5C shows the percentage of current density related to catalytic hydrogen oxidation (jox)
and proton reduction (jyeq) normalized to the total of maximal faradaic current densities observed

for both reactions in sum, e.g.

Jouse = jo:c]“:z‘q]zred -100 and Jred% = jozjrjred - 100

As can be derived from Figure 6.5C, similar electrocatalytic current densities at same overpo-
tentials for HER and HOR were observed for hiss-MBH on ITOrg surfaces. Upon comparing the
HER activity under Ar of his-MBH on PGE (jugr=-3.6 pAcm™) and of his-MBH on ITOrg
(juer=-5 pAcm2), an increased absolute, as well as relative to the normalized value of HER
activity of the his-MBH on the ITOrg surface is found (Fig. 6.5C). It should be noted that the
higher HOR current densities of hiss-MBH on PGE electrodes can be explained most likely by the
typically rougher PGE surface (as shown by SEM images in reference,[33] which favors a higher
MBH surface coverage than the planar ITOrg.

For clarification for the following discussion, the onset potential is thenceforth defined as the onset
potential for both, HER and HOR of the his-MBH on ITOrg, as seen in Fig. 6.5A. In addition
to the increased HER activity upon adsorption on ITOrg, a strong positive shift in the onset
potential of his-MBH on ITOrg can be observed. This is shown in Figure 6.5A. The negative
catalytic currents start reproducibly at a potential around E(Hs/H')=-180 mV (vs SHE), while
the equilibrium potential of the Ho/HT couple at pH 5.5 is located at Eeq(Ho/H')=-325 mV (vs
SHE; Eoq =E’- 0.0059 * pH) as indicated by the vertical, dashed red line in Figure 6.5. This
negative potential shift of more than -145 mV is very puzzling and points to an effect that is
not yet described for other semiconductor-enzyme systems in literature. As possible origins of
such a shift a -induced potential at the ITOrg electrolyte interface or at the Si/ITOrg junction
has to be considered as possible explanation, which however could be excluded by comparing
experiments on ITOrg/ITO/glass, intrinsic ITOrr/Si and p-doped Si/ITOrg electrodes (see
appendix Fig. A.14).
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Figure 6.6: Cyclic voltammograms in Ar saturated buffer solution (10 mM PB buffer at pH5.5) after
10 min of his-MBH immobilization on an ITOtr electrode (blue) and a PGE electrode (black), respec-
tively. Further indicated as vertical, dashed lines are the corresponding equilibrium potentials of Ha/ Ht
calculated for pH 5.5 from standard potential (red line) and the determined potentials from the related
peaks of Hs oxidation and Hs production, indicated by arrows on the voltammograms of his-MBH on
ITOTr (blue) and PGE (black) as well as the associated mid-point potentials. The underlying scan rate

is 5 mV s,

Cyclic voltammograms (CVs) recorded on an ITOTr and a PGE electrode are shown in Figure
6.6, where the observed peak-like Faradaic current maxima/minima ascribed to HOR and HER
are due to substrate depletion due to the usage of stationary electrodes. The potential of the
oxidation and reduction waves of his-MBH on PGE (E(H")yx = -260 mV and E(Hz);eq = -300
mV vs SHE, respectively; pH 5.5) agree well with previous reports of strep-MBH from the same
organism immobilized on on PGE [58] or on Ag-SAM electrodes [203]. In contrast, the his-
MBH immobilized on ITOrg displays for both, oxidation and reduction waves shifts of their
maxima/minima to more positive potentials. The oxidation peak E(HT) is shifted to - 194 mV
while the reduction peak E(Hz) is shifted to - 260 mV (vs SHE; pH 5.5). This observation
reflects the fact that the electrocatalytic properties of the his-MBH immobilized on ITOrg is
not anymore solely controlled by the redox properties of the enzyme, but indicates a strong
impact of the semiconductor-enzyme interaction. The small oxidation peak observed in Figure
6.6 at +125 mV vs SHE can probably be assigned to a hydroxylation reaction taking place at
the ITOpgr surface. This feature is observed with and without the adsorbed protein species and

does therefore not seem to be related nor interfere with the enzyme catalysis (see appendix Fig.
A.15 and A.17).
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In Fig. 6.7, the CVs of hissMBH on ITOrgr and PGE under Ar and Hy initially shown in Fig.
6.2, are magnified to show the overlay of the CVs under Ar and Ha, respectively, green and gray.
The shift of the peak-like Hy/HT oxidation/reduction currents (indicated by arrows in Fig. 6.7)
of his-MBH on ITOrg under Ar has been discussed, vide supra. The overlayed CV of his-MBH
under Hy atmosphere show the Faradaic current densities towards both reactions, HOR and
HER, at same potentials as the peak-like Ho/H™ currents under Ar occurs. This suggests that
the recorded negative current densities of his-MBH under Hy indeed can be ascribed to a HER
performed by the enzyme, even if these currents occur at a much more positive potentials than
predicted by the Nernst equation (Eeq ( -325 mV; pH 5.5)).
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Figure 6.7: Voltammetric traces after 10 min of his-MBH immobilization on (A) ITOrgx- and (B) PGE
electrodes in the presence of Ar-saturated (green) and Ha-saturated (gray) 10mM PB electrolyte at pH
5.5. Indicated vertical dashed lines correspond to the equilibrium potential of the H2/H+ couple at
pH 5.5 as determined by the Nernst equation (Ecq;in red) and experimentally determined by recorded
peak-like oxidation/reduction (arrows) of the Hg/H+ couple by his-MBH on ITOrgr (blue) and PGE
(black). All voltammetric measurements were carried out at room temperature with a scan rate of 5 mV

s!. Potentials are given with respect to the SHE reference electrode.

Similarly, as seen in the CV in Fig. 6.7B, the his-MBH on PGE reveals faradaic current densities

for Hy oxidation at potentials at which peak-like Hy oxidation occurs under Ar.

An assignment of the reductive current to a redox transition above the value of Eqq(Ho/HT)=
-325 mV as it could be originating from a reduction of the his-MBH enzyme itself is rather
unlikely. Although the redox potential of the distal Fe-S cluster in the Re MBH could not be
determined by EPR titrations yet, it is most likely to be the lowest redox couple present in the
enzyme, as determined for other hydrogenases previously.[1] For example, the determination of
the redox potentials of the distal Fe-S cluster of other Og-tolerant [NiFe] hydrogenases revealed
a redox transition at approximately -69 mV (vs SHE) for E. coli Hyd-1, and -78 mV (vs SHE)
for A. aquifex Hase I [302]; redox potentials which were more positive in comparison to the
redox transition of the distal cluster of their Os-sensitive counterparts.[303] In line with the
potential determined for the redox transition of the distal iron-sulfur cluster of other Os-tolerant
hydrogenases, the redox potential of the distal Fe-S cluster of the Re MBH can thus be assumed
to be in the same potential range; i.e. at potentials above -100 mV (vs SHE). A reduction of the
distal Fe-S cluster of his-MBH immobilized on ITOrg would, therefore contribute to the total
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current density by a negative current density at potentials above -100 mV (vs SHE) and could
therefore not explain the reductive currents observed below -180 mV (vs SHE). Therefore, the
negative currents observed at potentials below -180 mV (vs SHE) can be excluded to originate
from the reduction of the distal Fe-S cluster, the most negative Fe-S cluster, which is exposed in

a direct electron transfer configuration to the ITOrg electrode surface.

Hydrogenases are commonly characterized by their bias for the reversible hydrogen splitting,
normally determined by solution assays. However, the one has to notice that catalytic reaction
bias of hydrogenases and here his-MBH are strongly dependent on experimental condition settings
such as pH, electrolyte, the partial pressure of Hy as well as support electrode. All these aspects
do not only influence the current densities for either HOR or HER, but also affect the favored
bias of the reaction. In this respect, Armstrong presented recently a detailed study on the HER
ability of hydrogenases depending on these experimental parameters, which is discussed in the

following section (6.2.6).

6.2.6 Hydrogen production of hydrogenases

Armstrong proposes a model rationalizing the tendency of a substrate-saturated hydrogenase to
operate preferentially in a particular direction, i.e. being biased towards hydrogen oxidation or
proton reduction.[246] Thereby, the interfacial ET occurs at the electron entry/exit site of the
hydrogenase, i.e. at the distal Fe-S cluster, with a reduction potential defined as E° Jred in the
following. The catalytic bias is thereby predicted by the following equation, where n is the overall
number of electrons involved in the reaction (Hy = HT+ 2e-) and the electrode and E°(Hy/HT)
is the equilibrium standard potential imposed by the oxidized and reduced substrate, while kc

and ka present the ET reaction rates for cathodic and anodic reaction, respectively.[246]

catalytic bias = Z—; = exp [~ 2L (E — Eoq (Hy/HT))]

The model highlights the role of the distal [4Fe—4S] cluster as the electrochemical control center
for the enzymatic reaction bias.[191] The catalytic bias depends on the difference between the
redox potential of the distal Fe-S cluster (Eox/req) and the Hy/HT couple (E°(Hy/HT)). From
this model one can see, that a hydrogenase with an Egy /req close to E°(Hz/HT) works reversibly.
The potential-dependent rate of interfacial ET can thereby be modeled by the Butler—Volmer
model, whereas the description of the overall rate constant requires also the consideration of

intramolecular ET processes, while the catalysis is assumed to be potential-independent.

In summary, the model applied by Armstrong to hydrogenases questions the general definitions
of a hydrogenases capability of performing either solely HOR or HER according to the observable
catalytic bias, which is commonly determined in solution assays or by using standard electrodes
such as PGE or SAM covered Au electrodes. Hydrogenases are complex electrocatalysts and
are intrinsically capable of performing both reactions. Thereby it has to be considered that the

observed catalytic bias is an effect of enzyme-electrode interaction and experimental conditions.

Therefore, the extraordinary bi-directional property of the his-MBH when adsorbed on ITOrg
is not an intrinsically defined as unusual behavior, but rather the result of the experimental

conditions.

The unusual tendency of his-MBH to produce Hs in the presence of Hy when it is immobilized

on ITO7gR can only result from the enzyme-ITOrg interaction in combination with the presence
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of Hy, as this effect is exclusively limited to the adsorbed enzyme on ITOTr and is not observed
for bare ITOrR, i.e. in absence of the enzyme, see Fig. 6.9. This effect is neither observed on
PGE electrodes (Figure 6.5). It is therefore evident that the interplay between semiconduct-
ing ITOrr-MBH system is responsible for the unusual potential onset shift, but only when all
three components in an ITOpgr— his-MBH — electrolyte(Hs) system are taken into account, the

remarkable enhanced HER might be explained.

In the following, possible explanations will be discussed to disentangle the origin of the observed
phenomena of his-MBH on ITOrg, namely a) the altered bias of his-MBH on ITOrg in favor of
Hs production, b) the enhanced HER effect under product inhibition conditions (Hy atmosphere)

and c) the positive potential shift of its onset potential.

6.2.7 His-tagged MBH - semiconductor interface

As discussed by Bachmeier et al. for n-type semiconductors like TiO2 and CdS band bending
is expected at the MO-electrolyte interface.[299] Generally, the electrochemical determination of
the flat band position (Eg,) of ITO materials is challenging since it supposedly lies below the
potentials for the In®* and Sn** metallic reduction. The corresponding reduction potentials of
In3* and Sn*T in the ITOrg material to metallic state occur at similar, overlapping values; at
the chosen experimental conditions at pH 5.5 around -480 mV (vs SHE),[304] which impedes
an electrochemical determination. The flat band potential is strongly dependent on electrolyte
and ionic strengths. Consistent with the proposed potential value for the CB, values for the
work functions of regular ITO (i.e. Sn-doped InyOs) obtained via different synthesis routes
have been reported in the range between 4.3 eV to 4.7 eV. These correspond to values between
-0.2 V and 4+0.2 V (vs SHE) in absolute electrode scale (see 2.14), where 0V is defined by the
redox couple Hy /HY, see chapter 2.3.1; Fig. 2.14.[305, 306, 307] However, the higher tin content
in ITOrRr in comparison to regular ITO will surely affect its band structure, see Fig. 2.13.
Regardless, as shown by Franzen et al, a highly tin-doped ITO material is considered as n-type

semiconductor.[308]

At open circuit potentials (OCP) and in contact with electrolyte solutions with chemical poten-
tials below the Fermi level of the MO or upon adsorption of proteins with redox potentials below
the Fermi level of the MO, which is usually the case for n-type semiconductors, electrons from
the MO surface are transferred to the redox couple attached at the surface and will lead to an
upward bending of the band edges of CB and VB resulting in positive charge at the MO surface

(see Figure 6.8A), for more detailed description see chapter 2, section 2.3.1.

The exact position of the flat band potential for the ITOTr- system is unknown. Flat band
potentials of semiconductors typically depend on the chemical potential of the solution in con-
tact with their surface and strongly on the pH as well as on the redox potential of the adsorbed
species (see chapter 2, 2.4.3). According to the Gerischer model, an n-type semiconductor in
contact with an enzyme-electrolyte interface will establish a depletion layer in the space charge
region by charge transfer processes, see chapter 2.3.1. Generally, n-type semiconductors are pre-
supposed with more negative Fermi-level potentials than the redox potential/chemical potential
of enzymes/electrolyte, which therefore leading to reductive charge transfer from the semicon-
ductor to the enzyme/electrolyte.[173] When negative potentials are applied below the flat band

potential of the semiconductor, an accumulation layer in the conduction band is induced, which
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forwards the electron bias. The implications of the theoretical background will be discussed on

this example below, see Fig. 6.8.
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Figure 6.8: Band diagram for a n-type semiconductor-enzyme junction. Schematic depiction of the
suggested band bending at equilibrium conditions with an adsorbed hydrogenase on ITOrr (A) at OCP
under formation of a depletion layer and (B) at negative applied potentials i.e. below the flat band
potential (forward bias) inducing an accumulation layer. Thereby, EF represents the Fermi level and
EFB the flat band potential of the semiconductor. Electrochemical scale is indicated in red and the

hypothetical Hy/ ut couple allowing catalysis by his-MBH.

The reductive effect of the surface adsorbed enzyme on an n-type semiconductor as sketched in
Fig. 6.8 An experimental hint for the such a (at least partial) reduction of the his-MBH might
be given by the IR spectroscopic results and in particular by the presence of significant amounts
of a his-MBH redox state with a CO absorption at 1934 cm™ (Fig. 6.1D), which is more than
likely related to a partially reduced Ni(42),-S state rather than to a Ni(+2)i,-S state.

The formation of such an enzyme — semiconductor electron junction between the his-MBH and
the ITOrgrsurface might also be at the origin of the observed HER. The observed junction for
his-MBH could however not be observed in a similar manner for his-cyt ¢ (section 5.3.3) as

his-cytc was present as a mixture of oxidized and reduced states in solution.

Upon potential application below the flat band potential, an accumulation layer is generated
with an excess of electrons that might be able to flow under forward bias towards the distal Fe-S
cluster of his-MBH. As a result of the potential induced forward bias, an accelerated ET kinetic
for the interfacial ET might occur, which should be highly beneficial for a constant reduction of
the active site, which in turn might be able to enforce a proton reduction even under conditions
where normally product inhibition of the HER occurs (Fig. 6.5B). This atypical behavior is as-
cribed to the n-type semiconducting properties of ITOrg in line with recent results reported by
Bachmeier et al. for hydrogenases immobilized on n-type TiOy and CdS surfaces.[299] Bachmeier
et al. proposed a mechanism for Hy production under product inhibition conditions for hydro-
genases immobilized on TiOs and CdS, both n-type semiconductors. This mechanism is based
on the formation of an electron accumulation layer at the semiconductor electrode/hydrogenase
interface.[299] Also Svedruzi¢ et al. reported this type of HER enhancement for hydrogenases
immobilized on n-type semiconducting single-wall carbon nanotubes.[300] The enhancement of

HER is hereby predominantly observed under Ar atmosphere conditions and in reduced quanti-
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ties even present under Hy by overcoming ruling product inhibition conditions. Even though, we
also can report an enhanced HER under Ar the effect of HER under Hs is even more enhanced on
his-MBH on ITO7g. However, in our case, this cannot explain the increased Hy evolution under
Hs atmosphere; even higher than observed under Ar. In the present case of his MBH /ITOrg,
not only does the semiconductor surface but in particular, the semiconductor surface in contact
with Hy saturated electrolyte seems to activate the HER for hissMBH-ITOrg electrodes.

In this respect, the high electron density in the accumulation layer might enable a fast and
effective ET from the electrode to the distal [4Fe4S] cluster, thereby boosting HER of his-MBH.
Investigations of Co based HER catalysts adsorbed on TiOs showed that, indeed, very fast ET

occurs between attached redox center and the CB of the metal oxide.[309]

6.2.8 Effect of Hy; on ITOrr-MBH hybrid electrode — Enhanced HER

activity

The enhanced HER activity of his-MBH adsorbed on ITOrg electrodes (in comparison to other
electrode surfaces) is in particular observed upon Hs saturation of the electrolyte. In the inter-
play of the three components of the ITOrr-MBH-electrolyte (Hs), his-MBH acts solely as the
catalyst by its intrinsic properties. Whereas Hy might interact with the ITOrg surface, resulting
in an additive effect (see section 6.2.6) and hence, allowing his-MBH to catalyze Hy production
with a high turnover rate. This unusual bi-directional biased catalysis of the Re MBH might
be in particular facilitated through direct and a fast electron exchange between the ITOrg elec-
trode and the selectively via the hexahistidine-tag — surface bound his-MBH. Thus, Hy seems to
initiate the enhancement towards HER of his-MBH by means of an electron boost, an increased
ET kinetics, additional to the semiconductor junction effect between the ITOrgr-MBH systems.
Control experiments on bare ITOrr under Ar and Hs show that a blank, enzyme-free, ITOrg
surface does not exhibit a catalytic activity for HER (nor any other reaction in this potential
range), see section 6.9. However, in the presence of Ho, ITOTR seems to act as a more electron-
enriched surface, enhancing the electron transfer towards his-MBH, which works on ITOrgworks
as a catalyst for Hy evolution. While the onset potential of his-MBH on ITOrg is shifted to a
higher potential, the respective switch potential is shifted to lower potential than observed on
PGE, see Fig. 6.5. It should be noted that this ITOTg-MBH hybrid exhibits two main charac-
teristics, firstly a boosted HER caused by Hs addition to the electrolyte and secondly a shifted
onset potential probably enabled by the ITOrr-his-MBH interaction. Besides, the oxidized Ni,-B
state, the EPR-silent partially reduced Ni(+2),-S state with a CO absorption at 1934 cm™ could
be monitored in significant amounts already upon surface interaction at low positive oxidative
potentials (Eocp=+50 mV vs SHE). Strep-MBH on Au-SAM electrodes did not exhibit hints for
a formation of this particular Ni-S state at such low oxidative potentials (at OCP). The ITOrgr
surface seems to function as reducing agent for the enzyme, which might be eased through the
direct electron transfer configuration of the his-MBH on the ITOrgr surface achieved thanks to
the his-tag mediated selective surface adsorption. A fast electron exchange with a forward bias
from the ITOrgr surface towards the his-MBH would also explain the enhanced HER under Ar
atmosphere on ITOrg surface when compared to his-MBH immobilized on PGE, where such a

HER enhancement does not occur.
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6.2.9 Hydrogen affinity towards I'TOrgsurfaces

Regarding the metal oxide — substrate interaction, it should be noted that the affinity of Ha
in particular to metallic Indium is known to be strong (Pourbaix diagram).[296] Even if in the
present, analyzed potential range no faradaic conversion of Hy/H™T is expected (see reference
experiments in section 6.2.11), Hy binding can still take place at the ITOrg surface due to the
high hydrogen affinity towards the In and Sn cations. Therefore, the effect of molecular Hs on
ITO materials is often used for Ha-sensoring.[310] 6.2.11.3. ATR-IR spectroscopic investigations
of a long-term stored (> 1 year) batch of synthesized ITOrg, which exhibits a poor conductivity,

could give an idea of the effect on ITOTgr upon Hy exposures even at OCP, see section 6.2.11.3..

6.2.10 Shift of the hydrogenases onset potential

Previously mentioned, the hydrogen affinity (see section 6.11) towards the ITOrg substrate on
which the his-MBH is immobilized, might explain the observed potential deviation from the
expected standard potential of Hy/H™ [E°(Hs/H™)] by lowering the activation energy for HER.

Possible reasons for such effects will be discussed below.

The planar thin ITOyg film harbors an intrinsic porosity made of 2 nm large pores. In this
respect, Hy affinity towards the substrate might be even enlarged by gas penetration into the
thin film.

A shift of the enzyme onset potential to a more positive potential is observed for hiss-MBH on
ITOTR relative to the standard potential of E°(Hy/H™) = -325 mV. Thus, the onset potential for
the Hs oxidation reaction of his-MBH on ITOrg shifts from the value of the standard potential
about AE= + 145 mV to Eqpset (ITOTR)=-180mV (vs SHE) in comparison to the corresponding
onset potential value of hissMBH on PGE, where only a shift of AE = + 85 mV to the onset
potential at Eopset(PGE) = -240 mV is observed. In conclusion, an increased onset potential for
hydrogen oxidation and a reduced potential for HER, can be detected (Fig. 6.5A).

Fig. 6.7 displays the CV of his-MBH on ITOrg under Ar, in which the depletive peak-like oxida-
tion and reductive peaks are shifted to higher potentials in comparison to the same voltammetric
traces of hissMBH on PGE. Hence, the onset potential shift of hissMBH on ITOrgr under Ho
is also and as such a results of the interaction between I'TOrg-enzyme. Subsequent addition of
Hj to the system leads further to enhanced current densities for HER under a remaining onset
potential of Eqpget ITOTR)=-180 mV (vs SHE). These results indicate that the interaction of Hy
with the ITOrg thin films leads to a surface-substrate (ITO1r-Hs) interplay which enables the
his-MBH to catalyze the production of Hy at more positive potentials.

The CV of his-MBH on ITOrg displays particular differences regarding the position of the switch
potential compared to hiss-MBH on PGE (Fig 6.5) or strep-MBH on Au-SAMs (see chapter 4).
The switch potential of hiss-MBH on ITOrg is negatively shifted by about E = -100 mV when
compared to the switch potential of hissMBH on PGE. Generally, the switch potential describes
the reactivation of a hydrogenase and is believed to correspond to the potential at which the

redox transition between the Ni,-B and Ni,-S states takes place.
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With a reactivation of hiss-MBH on ITOrgr occurring at lower potentials (Egwitch = +90 mV)
than his-MBH on PGE (Egyiten = +200 mV), an eased reactivation of the his-MBH on ITOrg
electrodes is suggested. However, it also could indicate that the applied potential at the ITOg
electrode is not consistent with the effective potential induced at the electrode surface. If the
onset potential shift would occur due to an instrumental error and a discrepancy in accurately
measuring the applied potentials, one would expect potential shifts for the switch and onset
potential in the same direction; which is not the case in the present example, see section 6.5.

Therefore, an instrumentational error can be excluded as the origin for onset potential shift.

Hamight induce band structure changes in ITOrgr via chemical modifications since Hy generally
shows a high affinity to ITO. In this regard, an exposure of ITOrg to Hs could result in an electron
enrichment at its surface, which therefore can induce a different chemical potential at its interface
accompanied by the kinetically enhanced HER effect by boosting electrons towards the catalyst.
Studies focused on work function changes on I'TO upon gas exposure such as Hg, revealed changes
in particular of the surface work function.[311] These effects might explain the here observed
thermodynamic underpotential for HER, shifting its onset potential to Eopget (ITO1R)=-180mV,
i.e. to more positive values than the standard potential at E®(Hz/HT)=-340 mVin the dark. The
applied potential might not coincide with the potential established effectively at the MO surface.
It might be possible to disentangle this effect by replacing Hy with other reductive agents, which
would only interact with the ITOrg surface but not with the his-MBH.

An increase of the local proton concentration at the ITOTg surface due to a splitting (reaction)
of the adsorbed Hy might be considered at first as a possible origin for the onset potential shift.
However, this can be excluded here. Indeed, the absolute energy positions of the valence and
conduction band edges of semiconducting metal oxides follow a Nernstian relation, exhibiting a
variation of 0.059 V per pH unit at 25 °C at 1 atm Hs. Therefore, a change in the local proton
concentration change would induce the potential of the conduction and valence band edges of
the semiconductor in the same way than the redox potential of the Hy/H™ couple itself.[312]
An increase of the local proton concentration would, however affect the his-MBH catalysis. The
MBH catalysis for HER is indeed facilitated by an increase of the proton concentration and the
reaction equilibrium of the reversible reaction Hy = 2H* + 2e” would be shifted close to the

electrode surface on the Hy production side with increasing concentration of HT.

A variety of metal oxide semiconductors are known for their gas sensor abilities.[310] ITO is re-
ported among them, but is not as extensively studied as others. The hydrogen sensing mechanism
taking place in MOs is complex and has been investigated by many researchers. The commonly
accepted mechanism is however based on the variation of the surface electron depletion region
due to the reaction between hydrogen and the oxygen species at the metal oxide surface. The
redox reaction is exothermic and results in the fast desorption of produced HoO molecules from
the surface. The released electrons will reduce the thickness of the depletion region, and therefore
decrease the resistance of the semiconductor. The surface chemisorption of dissociated hydro-

gen may also play an important role in the hydrogen sensing behavior. As reported, hydrogen
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molecules at the surface of a semiconductor induce an intermediate energy level for the transfer of
charges from hydrogen to the conduction band. In such way, an accumulation layer of electrons
can be created leading to a metalized region near the surface, which decreases the semiconductor
resistance.[310, 313, 314] Typical features of such sensing mechanisms result in a shift of the
potential (V) in the current-potential (I-V) curves. Even though, the explanation for the origin
of the potential shift is still discussed controversially, these findings fit surprisingly well with the
observations made for the his-MBH-ITOrg systems described in this work; i.e. the enhanced
HER as well as the positive potential shift for the hydrogen oxidation and hydrogen evaluation

reactions.

A different explanation for the observed potential shift may be Hs stabilization by surface in-
teraction with ITO7g. Generally, hydrogen underpotentials are characterized by the rise of
the free Gibbs energy through the energy gain by the hydrogen adsorption to the material and
are often described in the sense of hydrogen underpotential deposition. In summary, hydrogen
molecules interacting with the substrate surface can lead to a decrease of AG, thus shift the

Hy/H™T equilibrium potential towards higher potentials as described by the following correlation:

Eoy = — 2520 with AG,, (Hy/H') < AG° (Hy/HT)

nF

In the case that hydrogen is stabilized at the electrode surface, the equilibrium potential of the
Hy/H* couple could be shifted to more positive , therefore approaching the E°(ox/red) potential
of the his-MBH’s distal [4Fe4S] cluster, which in principle, following Armstrong’s model (see
6.2.7), should allow the the his-MBH to function as a bi-directional HOR and HER electrocata-
lyst.

In contrast to the thermodynamic equilibrium for Hy/H™ conversion, the redox potential of the

distal cluster is independent of pH and given intrinsically by the enzyme.

The rise of free Gibbs energy in case of highly affine Ho-metal interactions can lead to a shifted
potential of the Ho/H™ equilibrium, which might be the case for ITOrg in the presence of
hydrogen. Interestingly, the OCP under the turnover condition for the his-MBH on ITOrg is as
low as -290mV. This is the lowest OCP value observed for an immobilized Re MBH-electrode
system in comparison to the OCP observed for hissMBH on PGE, strep-MBH on Au-SAM as
well as for strep-MBH on ITOrg, see Table 7.4. Under good direct interfacial electron connection
between strep-MBH and the latter electrode surfaces, the recorded OCP was observed to reach
only a value of maximum —240 mV. None of these MBH-surfaces showed any strong HER activity

as his-MBH on ITOrg under the same experimental conditions.

In order to investigate the observed unusual negative current densities at such positive potentials,
and to confirm the correlation to a HER process, several reference experiments are required to

clarify the origin of the reductive current densities as discussed in the following section.

Typically, a thermodynamic underpotential can be observed by a photovoltage induced by light
excitation of the semiconductors. To investigate if the here observed shifts of the onset potential
result from light exposure, specific reference experiments were carried out (see section 6.12),

which led to the exclusion of any photo-induced effects.
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6.2.11 Reference experiments
6.2.11.1 Blank ITOTR

As reference measurement, cyclic voltammetry was performed on blank ITOrg electrodes under
Ar and Hy atmosphere to probe any catalytic activity for HOR and HER originating from the

metal oxide itself in the potential window used for the his-MBH studies.

0,1
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Figure 6.9: Cyclic voltammograms recorded in Ar (green) and Hj (red) saturated buffer solution (10
mM PB buffer, pH5.5) in the dark in a potential window between -0.35 V and 0.35 V comparable to the
CV study of hissMBH on ITOrg. The applied scan rate is 5 mV s,

Figure 6.9 exhibits the CVs of ITO7g recorded under Ar (green) and Hy (red) atmosphere, in
which no significant changes in the applied potential can be observed. This negative experiment
allows excluding any catalytic activity of ITOrg itself for hydrogen oxidation or hydrogen evolu-
tion. However, an adsorption of hydrogen to the ITOrgr surface cannot be completely excluded

as high affinities are reported for Hy adhesion to ITO surfaces.[310]
6.2.11.2 Oxygen Reduction on ITOtgr

Another possible explanation of the reductive current densities could be a concomitant reaction
which takes place at the electrode surface or in the enzyme itself overlapping with the catalytic
H, oxidation signal of the his-MBH. Oz reduction at the ITOry surface or the Sn/In reduction of
the material itself could be herewith possible reason for generating the reductive current densities
and hence misleading the shift of the real onset potential to higher potentials as exemplified in
[315]. An overlapping reduction of ITOrg overlapping with the his-MBH catalytic reaction can

be excluded. ITO7gr can be reduced to lower valence or metallic Sn and In states at a potential
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around -0.48 V (vs SHE at pH 5.5).[304] No redox features which might be related to an ITOrgr
reduction itself are observable and thus, can be excluded as a concurrent reaction in the applied
potential window. A further possible reaction, which might be considered, is O3 reduction at the
electrode surface due to residual O contamination in the buffer solution, which generally defines
a possible source of error. In order to exclude reductive currents originating from O2 reduction
at the ITOT1r surface, CVs of the blank ITOrg electrode in buffer solutions saturated with 20%
O3 were taken, see Fig. 6.10.

glassI TOATO, - hisMBH (H,)
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Figure 6.10: Cyclic voltammogram of an ITOrr-coated ITO-glass slide measured in air saturated 10
mM PB buffer at pH5.5 (black) in comparison with his-MBH immobilized for 10 min on ITOrgr-coated
ITO-glass in Ha-saturated 10 mM PB buffer solution at pH 5.5 The vertical dashed line in red indicates
the theoretical equilibrium potential of the HQ/H+ couple at pH 5.5. The applied scan rate is 5 mV s7'.

The O9 reduction at the ITOpg surface in 10 mM PB buffer at pH 5.5, as displayed in Figure
6.10, shows a commence of the reductive currents below -400 mV. For comparison, the his-MBH
on ITOTr/ITO/glass is plotted in the same Figure 6.10. As can be seen, the oxygen reduction
O3 reduction current on the pristine ITOrgsurface cannot be the origin of the observed HER
current densities. Thus, the reductive current densities observed for his-MBH catalytic activity
immobilized on ITOrgrare unlikely to originate from an overlap of hydrogenase catalysis and

oxygen reduction.

6.2.11.3 Hydrogen Effect on Low Conductive ITOrr

Early ATR-IR experiments on ITOrgr preparations, which exhibited low conductivity, revealed
that the ITOrgr thin films were strongly affected by exposure to hydrogen.
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Figure 6.11: ATR-IR spectra of an ITOTgr preparation with low conductivities coated on an undoped
Si-prism recorded under Ar (green) and Ha (red) atmosphere reveal a strong shift of the baseline upon
H; saturation of the 10 mM PB electrolyte (pH 5.5) at room temperature; both spectra measured at
OCP (4250 mV).

Figure 6.11 shows the effect of Hy exposure on an ITOrgr material with low conductivity. Hs
is known to increase the conductivity of TCO materials during calcination. Among different
technological applications, commercial ITO can be used as a component in Hs sensors, which
also explains the specific Ho-ITO7g interaction. Upon Hy supply or the application of negative
potentials the baseline of the ITOrr spectrum shifts drastically as a result of lowered trans-
parency. Such effects on ITOrg occurred, when the thin ITOrg films were synthesized from
long-term stored ITBO precursor batches (precursor age older than 1 year). ITBO, the ITOrgr
molecular single-source precursor, is in general highly sensitive to temperature fluctuations, as
well as to and oxygen and water exposure. Low conductivities of such ITOrg samples were also
corroborated by electrochemical experiments and in particular CV experiments, which exhibited

high capacitive currents for same film preparations (see appendix Fig. A6.3).

6.2.11.4 HER under Light Exposure

To rule out any light-induced effects on the increased HER of his-MBH on ITOrg, experiments
under light irradiation were performed using a halogen light source. Halogen lamps generate a

continuous distribution of light across the visible spectrum, although most of the energy emitted
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by these lamps is dissipated as heat in the infrared range, while generally a smaller luminous
efficacy is exhibited in the visible region. Due to their relatively weak emission in the UV
part of their spectrum, halogen lamps are not as useful for examining specimens that must be
illuminated with wavelengths below 400 nm. Most of the experiments were performed under
laboratory light exposure. Laboratory light was based on mercury tubes, which emit district
wavelengths under filtering the UV contribution. To rule out any light effects originating from
the laboratory light illumination, electrochemical experiments were performed under complete

light exclusion by covering the set-up with aluminum foil.
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Figure 6.12: Cyclic Voltammetry on pristine ITO7g films in the dark under Ar (green) and under Hs
atmosphere in the dark (black) as well under halogen light exposure (dark yellow): (A) without enzyme
and (B) after hiss-MBH immobilization. Experiments were performed in 10mM PB solution at pH 5.5

with a scan rate of 5 mV st.

Figure 6.12A shows CVs of the bare ITOrgr surface under Ar and Hs atmosphere in the dark
and under illumination by means of a halogen light source. The CVs of pristine ITOpg under
Ar and Hj recorded in the dark and at the beginning of the light irradiation show only very
small, practically negligible changes. However, after several minutes of light exposure (5min), a
reductive current could be observed on bare ITOrg under Hs.Figure 6.12B shows the recorded
CVs of his-MBH on ITOrg under Hy under light exposure with a halogen lamp (yellow CV) and
in the dark (red CV). The red CVs display the previously observed electrocatalytic responses
of his-MBH on ITOrgr with biases towards Hy oxidation and Hy evolution. After 5min of light
illumination, the reductive currents in the CV increase tremendously and seem to shift the
catalytic response of his-MBH for Hs oxidation. The strong reduction observed under extended
illumination seems to result from a concomitant reaction; it might be the same as observed
already in the reference CVs taken on bare ITOrg in Fig. 6.12A. Typically n-type semiconductors
upon light excitations are used as photoanodes [316] and therefore enhance oxidation reactions
through generated charge carriers in the valence band, i.e. holes (see 2.3.1) . Since no evidence
of any simultaneously enhanced oxidation is observed in the CV upon illumination, the here
recorded reductive currents argue against a light-induced effect for the Hy evolution of his-MBH
and rather indicate the occurrence of a second reaction taking place at the ITOrr surface.
Conclusively, the HER of his-MBH in the dark can be assigned to a purely electrochemical effect
induced by the his-MBH-ITOrgr enzyme-semiconductor interaction and at very low potentials

there might be an overlap with oxygen reduction as displayed already in section 6.2.11.2.
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6.2.12 Preactivation of his-tagged MBH on ITOrr

As discussed previously in chapter 4 (Au-SAM), a subsequent preactivation step at a potential
of -340 mV (vs SHE) can result in a homogenization of the enzyme orientations and an increase
of catalytic current density caused by the adsorbed enzyme. Therefore, a CV without and
subsequently with a preactivation of his-MBH on ITOrg electrode under Hs atmosphere was
subsequently recorded. Figure 6.13 shows a CV before (black) and after (red) applying a potential
of -340 mV vs SHE for 5 min under Hy. As can be seen in Figure 6.13, a decrease of current
density by 12% is observed after the preactivation. As such the positive preactivation effect
on the HOR catalysis obtained for the strep-MBH/NHa-Au system could not be transferred to
the his-MBH/ITOrr system. The decay of catalytic activity under extended application of a
reductive potential, seen by the decrease in current density, is however in line with literature
reports linking this decrease with enzyme damage under applied potential as well as to enzyme

loss / surface desorption.[33]

-0,3 0,2 -0,1 0,0 0.1 0,2 03
E/V vs SHE

Figure 6.13: Cyclic voltammetry of his-MBH on ITOrgr measured before (black) and after (red) a
subsequent 5 min long preactivation step at -340 mV vs SHE in the presence of H2 saturated electrolyte.
All voltammetric measurements were carried out in 10 mM PB buffer at pH 5.5 at room temperature

and a scan rate of 5 mV s

6.2.13 ITO-rgrstability for electrochemical studies

SEM images of an ITOrg-coated Si-prism were taken to study the stability and retention of the
ITO7g film under standard utilization for spectro-electrochemical ATR-IR measurements. Fig-
ure 6.14 displays an ITOrg film before and after 30 min of his-MBH incubation and subsequently

conducting CV investigations.
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Figure 6.14: ITOrgrcoated on an undoped Si-prism (A) before and (B) after 30 min of his-MBH
immobilization and subsequent CV studies. All voltammetric measurements were carried out in Ha-

saturated, 10 mM PB buffer at room temperature with a scan rate at 5 mV s,

Figure 6.14B exhibits dark areas with fine-distributed smaller and some minor amounts of bigger
sized dark spots on the ITOrgr surface by HR-SEM. These dark areas originate most likely from
the adsorbed protein on the surface, leading to dark contrasts due to its organic-nature yielding
less secondary electrons. Well-distributed small his-MBH units, and secondly also bigger agglom-
erations of his-MBH clusters, both already observed within AFM studies. Unfortunately, the
overlaying protein film of adsorbed his-MBH was too thin to be measured by Energy-dispersive
X-ray (EDX) spectroscopy.

Cross sections of ITOTg coated on undoped Si wafers could show that the ITOrg film itself was
unaffected and a dark contrasted very thin film was coated on top (see Fig. 6.15). However, also
here the thickness of the his-MBH film was sufficiently thin so that any verification of its organic

composition by EDX spectroscopy in a line-scan mode was impossible.

In summary, electrochemical measurements under the described experimental conditions did not
visibly affect or change the ITOrg film structure, as seen from SEM images recorded before and
after enzyme immobilization as well as electrochemical measurements (Fig. 6.14; Fig. 6.15).
Herewith, the compatibility and stability of ITOrg thin film electrodes are demonstrated for

enzyme investigations.

Reduction of ITO7g (E (ITOrr)= -480 mV vs SHE, pH 5.5 ) leads to irreversible changes of the
electrode, affecting both its electrical and optical properties. During cycling or when it is held at
potentials more negative than the ITOrg reduction potential, the ITOTg electrode is observed
to turn from transparent into metallic color due to the metal cation reduction, resulting in a

significant decrease in its transparency.
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Figure 6.15: Cross section of MBH adsorbed on ITOrr coated ITO-glass slide in the HR-SEM COMBO
modus for a better distinction of conductive support and non-conductive adsorbed enzyme. Two images
in different tilt angles of the film cross section have been carried out to minimize any artificially created
thin dark line observed at the edge on ITOrr support in the HR-SEM combo modus and therefore
verifying the MBH adsorbate. Assignments of different support layers are noted by white arrows and

enzyme with a black arrow in both images.

6.2.14 Conclusions

Exploiting the his-tag affinity of the ITOrg, it was possible to immobilize his-MBH while pre-
serving its catalytic activity towards Hs on ITOrg thin film electrodes. This constitutes a major
achievement as for the first time a simultaneous IR spectro-electrochemical investigation of a
highly relevant enzyme for hydrogen technology could be performed. In contrast to previous
works that focus on resonance Raman spectroscopic investigations, this ATR-IR approach is not
limited to enzymes harboring strongly absorbing chromophores to provide the necessary reso-
nance enhancement for probing (sub)monolayer coverages.[92] In fact, his-MBH was immobilized
for 30 min on ITOrR, leading to relatively high intensities of the amide I and IT bands of roughly
5 mOD. Very similar absorbance intensities were observed for immobilized his-MBH on SAM-
modified Au electrodes by SEIRA spectroscopy (~ 6 mOD).[67] The adsorption and desorption of
the his-tagged MBH followed similar patterns as observed for the his-tagged cyt ¢. This leads to
the conclusion that also in the case of his-MBH the protein-surface interaction is mediated via the
histidine-tag instead of electrostatic or hydrophobic forces. The most important finding is related
to the observable increased hydrogen evolution reaction (HER) capability of his-MBH immobi-
lized on ITOrR, caused by a specific enzyme-ITOpg interaction. In comparison to the related
studies on a PGE electrode, his-MBH adsorbed on ITOrgr surfaces reveals a slightly enhanced
HER under Ar atmosphere, and a dramatically enhanced HER under Hs supply. This particular
behavior is exclusively observed upon adsorption of the his-MBH on ITOrg film. The second
phenomena observed on this hybrid system is the shift in onset potential above the expected
standard potential value of the Hy/HT couple at E°(Hy/H*)=-325 mV vs SHE. An indication
of the existence of a possible electron injection/donation effect might be the spontaneous partial
reduction of his-MBH upon adsorption on ITOrr (depletion layer formation) resulting in the
enrichment of an EPR silent Ni(+2) state characterized by a CO absorption band at 1934 cm™.
The formation of such an interfacial depletion layer at the ITOrr-electrolyte interface might also

be a crucial factor enabling the observed HER.
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The role of the Hs presence remains puzzling. Although previous works on immobilized hydro-
genases describe an enhanced proton reduction activity of hydrogenases at MO surfaces, these
experiments were conducted under Ar atmosphere, where no product inhibition is expected. Con-
versely, in our case the highest activities for proton reduction were observed only under product
addition, i.e. Hs saturated electrolyte, which is, in fact, difficult to understand. Moreover,
ITOrg electrodes without enzyme loading did not exhibit any differences regarding observable
electrochemical signals under Hs exposure compared to those recorded under Ar atmosphere.
No significant changes of the open circuit potential were observed, nor any indication of a mate-
rial induced proton reduction/hydrogen oxidation in the investigated potential window. A high
affinity of Hy towards I'TO materials however is reported in literature and can have significant
effects on its electronic structure. ATR-IR experiments on ITOrg batches with poor conduc-
tivity displayed changes in its IR transparency upon Hs supply. A lower transparency could
suggest an electron enrichment of the material. This observation points to the fact that Hy —
material interactions might induce changes that play an important role for the unusually high

H, production by the hydrogenase.

Finally, somehow the combination of the three components - ITOrg, He, his-MBH - is the
reason for for allowing unbiased high He production by his-MBH. However, whether the modified
catalytic activity results from a subtle change of the ITOrgr surface by He or a possible pre-
reduction of MBH facilitating subsequently easier proton reduction and, last but not least, an
interplay between an enhanced ET between enzyme and ITOpg during MBH catalysis cannot

be distinguished here.

To ensure that the reductive currents at such negative potentials are resulting from Hs production
of his-MBH, mass spectroscopy experiments were carried out in DO under Hs saturation of the
electrolyte (for experimental details see chapter 3). These results could not be unambiguously
interpreted, since the Pt counter electrode may have also an impact on the Hy conversion during
the whole experiment. Since Re MBH converts Hy even at OCP under zero net current, the
results have to be taken into account out carefully. For a more accurate discrimination, a
membrane-separated electrochemical cell may provide more precise results. Furthermore, a ring
disc electrode set up was also used to identify the Ho production by coating the graphite electrodes
with ITOrg layers. However, these experiments could also not provide conclusive results, mainly
due to the small electrode areas leading to a too small Hy production for detection at the Pt ring
electrode. For an unequivocal identification of the converted product or intermediates, differential
electrochemical mass spectrometry (DEMS) measurements would need to be performed in the

future.

6.3 Adsorption behavior of strep-tagged MBH on ITOrgr

To elucidate the enhanced HER activity observed for his-MBH adsorption to ITOrgr, strep-MBH
was immobilized on ITOrg for comparison substituting thereby the hexa-histidine affinity tag

by a strep-affinity tag

6.3.1 ATR-IR studies of immobilized strep-tagged MBH on ITOrr

Strep-MBH could be successfully adsorbed on planar ITOrg electrodes. The corresponding
adsorption process was probed in situ by ATR-IR spectroscopy as shown in Figure 6.16A.
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Figure 6.16: (A) ATR-IR spectra of immobilized strep-MBH on planar ITOtgr recorded during the 30
min lasting adsorption process, (B) binding kinetics monitored by changes amide I (M) and amide II
(@) band intensities (black). Monoexponential fits (A = Ag + A; exp(-t/t1)) were applied in the time
period of 0 < t < 30 min and are displayed as black lines for binding process. (C) ATR-IR spectral
region characteristic for the active site from adsorbed strep-MBH. (D) Voltammetric traces of strep-MBH

measured before (black) and after (blue) addition of methylene blue (10pM) recorded in Ha-saturated
PB buffer (10mM) at pH5.5 with a scan rate of 5 mV s™'.

Table 6.2: Adsorption kinetics derived from amide I and amide II bands*

amide band Ao (mOD)  A; (mOD) 71 (min)
strep-MBH on ITOR

1650 cm™ 2.65 2.82 &£ 0.17  2.68 £ 0.77
1547 cm™ 2.45 2.59 &+ 0.14  3.28 £ 0.42

*Results of fitting the monoexponential function A = Ag + A1 exp(-t/71) to the time course of the

amide T (1650 cm™', R? = 0,99703) and amide I (1547 cm™, R?*= 0,99703) band intensities during
strep-MBH absorption in the time period 0 < t < 30 min.

Similar to the band positions of his-MBH observed on ITOrg amide I and amide II bands are
centered at 1650 cm™ and 1547 ecm™, respectively, and exhibit also the same band features,
which will be elucidated in more detail in section 7.2. Contrarily to the previously discussed

his-MBH (see Fig. 6.16), strep-MBH adsorbs rapidly in a monoexponential manner with a fast
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kinetic as displayed in Figure 6.16B. The corresponding results of the fit are summarized in
Table 6.2. The monoexponential fit reveals a time constant of 2.68 min for the amide I band
intensity, which appears relatively fast compared to the kinetics of his-MBH adsorption (Table
6.2). Already the second spectrum taken after 6 min of protein incubation shows a practically
completed strep-MBH adsorption demonstrated. An extension of the incubation time does not
affect the amide band intensities, thus no further increase of the protein coverage on the ITOTg
surface can be monitored. This fast adsorption behavior was already observed non-tagged cyt ¢
on several ITOrg as well as ATO (chapter 5). Thereby, the non-tagged cyt c electrostatically
bound to the TCO surfaces. ATR-IR spectra of the electrostatically bound strep-MBH displays
a CO absorption band at 1948 cm™, characteristic of the Ni,-B state of the active site (Figure
6.16C). Compared to the active site spectrum of his-MBH on ITOrg, the strep-MBH does not
exhibit any partially reduced state EPR silent Ni(+2)-S state with a CO vibrational band at
1934 cm™ upon its interaction with the ITOrg surface. Related cyclic voltammograms reveal
the characteristic sigmoidal shape characteristic for Hy oxidation catalysis (Fig. 6.16D). After
30 min of strep-MBH adsorption on ITOrg, only a weak DET process for the Hy oxidation is
observable. Even though, minor amounts of HER below -200 mV can be detected, the HER
compared to HOR current densities is not pronounced as can be observed for hissMBH bound
to ITOrr. Upon mediator addition, a significant increase in current density along the entire
voltammetric trace can be observed. The displayed current densities for MET as well as the
DET are both increased when methylene blue (MB) is added to the electrolyte solution. Since
the MB is a compatible mediator for the Hs oxidation reaction with the reduction potential
of its redox couple situated in the region of the maximum Hs uptake of the Re MBH (around
+80mV). This effect can be clearly observed via the sudden increase of current density at 80
mV (Fig. 6.16D). Thus, a high fraction of the immobilized strep-MBH is adsorbed initially in an
unfavored orientation. Additions of mediator lead to a significant increase of the current densities
over the entire potential range, also characteristic for DET from -340 mV to + 310mV. Both,
slightly HER by 30% (below -200mV), as well as the Hy oxidation by 50% (above -200 mV),
are increased upon addition of MB. MB as a hydrophobic molecule can also interact with the
hydrophobic parts of strep-MBH e.g. the large hydrophobic tail, or even hydrophobic fractions
of the ITOrR surface. In such way, a certain reorganization of the enzyme molecules on the
surface towards a more optimized orientation for DET processes might be induced. However,
even upon anchoring, at least a fraction of the immobilized enzyme remains in an unfavorable

orientation for DET.

Also, a series of electrochemical experiments was carried out, varying thereby the incubation time
for strep-MBH on ITO7g to reveal the most efficient immobilization conditions. Strep-MBH on
ITOrr showed maximum catalytic efficiencies after an adsorption time of 5 min (see appendix

Fig. A6.5). An effect after mediator addition was observed for all incubation times.

6.3.2 Preactivation of strep-tagged MBH on ITOrg

A subsequent preactivation step at a potential of -340 mV vs SHE was also applied for strep-MBH
after its immobilization on ITOg. Figure 6.17 displays the two subsequent CVs of strep-MBH
on the ITOTg electrode under Hy atmosphere with the first CV before (black) and a second after
(red) a potential application of -340 mV for 5 min under Hy resulted in a drastic decrease of the
current density, similar to those observations made after preactivation of his-MBH on ITOrg,

see section 6.13.
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Figure 6.17: Cyclic voltammetric studies of strep-MBH bound to ITOrgr, measured before (black) and
after (red) a subsequent 5 min preactivation step at -340 mV in the presence of Hz. All voltammetric
measurements were carried out in 10 mM PB buffer at room temperature and with a scan rate of 5 mV
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s .

For both, his-MBH and strep-MBH bound via coordination and electrostatic interactions to the
metal oxide surface, respectively, the current densities decreased in general upon consecutive
cycling, which is also reported for Re MBH adsorbed on PGE in the works of Vincent and
Armstrong.[33] The catalytic current for strep-MBH on ITOrgr decreases by 50% after only 5
min of potential application. In contrast, the corresponding current decrease for selective bound

his-MBH under same conditions was just 12%.

6.3.3 Conclusions

Compared to the coordinatively bound his-MBH discussed in 6.2, the electrostatically adsorbed
MBH exhibits several differences in its interaction with the ITOTR. This emphasizes the impor-
tance of a selective binding, as direct and fast ET via the semiconductor platform is observed
for his-MBH binding on ITO7gr. Strep-MBH binds rapidly to the ITOrgr surface with a mono-
exponential kinetic rate. The active site can be monitored by one CO stretching mode after
adsorption, which is characteristic of the oxidized Nir-B state, although its intensity is quite low.
In addition to the IR spectroscopic observation of a fast strep-MBH adsorption, the corresponding
subsequently recorded CVs with and without mediator suggests a broad distribution of orienta-
tions. The mediator affected not only the observable MET but also led to a re-organization of the
adsorbed strep-MBH in such way as to also increase the DET. Pre-activation experiments show
an instability of the adsorbed strep-MBH on ITOrg via the observed loss in current densities of
about 50%.
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Chapter 7

Comparison of adsorbed protein
on Au-SEIRA and ITOTR-ATR

electrodes
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7.1 Comparisons of spectro-electrochemical surfaces used

for Cytochrome c

This last chapter will summarize the findings for cyt ¢ and MBH immobilized on the two different
electrode surfaces, the commonly used surface-enhancing nanostructured Au-covered with SAMs
and the recently established ITOrg surface, both integrated into a Kretschmann ATR-IR set
up.

Cyt ¢ immobilized on SAM-coated Au-electrodes has been extensively studied by SEIRA spec-
troscopy in the work of [67, 102, 103]. Cyt ¢ and his-cyt ¢ adsorbed on ITOrr surfaces can be
compared with respect to their deduced amide I band intensities as well as their corresponding

protein coverages relative to the already obtained values of cyt ¢ on SEIRA sensitive SAM-coated
Au-electrodes in reference [102] (Table 7.1).

Table 7.1: Cyt c¢ surface coverages and amide I band intensities*

surface coverage (I) amide I intensity amide I / coverage reference

pmol cm™ mOD mOD cm? pmol™!
Au-C1:COOH — cyt ¢ 9 (CV) 14 (SEIRA) 1.56 [102]
ITOTR- cyt ¢ 4.5 (UV-Vis) 0.6 (ATR) 0.11 this work/ chapter 5
ITOTR- his-cyt ¢ 16.0 (UV-Vis) 1.49 (ATR) 0.10 this work/ chapter 5
SiOx — his-cyt ¢ 10.4 (UV-Vis) 1.1 (ATR) 0.11 This work/ appendix

*Comparison of cyt ¢ on Au-SAM, cyt ¢ on ITOrr and his-cyt ¢ on ITOrr. Methods applied to
determine protein coverage are denoted in brackets. Amide I band intensities are also normalized to the
corresponding enzyme’s surface coverage. For determination of his-MBH coverage on SiOx by UV-Vis

see appendix Fig. A.18.

Table 7.1 displays the values for protein coverages and amide I absorbance intensities of cyt ¢ on
Au-SAM and (his-)cyt ¢ on ITOpR surfaces. The normalization of the amide I band intensity
to the surface coverage value (amide I/coverage) represents a crude estimation of the molecular
absorption of the immobilized enzyme. Thereby, it allows a comparison of immobilized enzyme
on Au-electrodes used for SEIRA spectroscopy and ITOpgr-ATR electrodes. Cyt ¢ and his-
cyt ¢ on the ITO7g, as well as his-cyt ¢ on oxidized Si-prism, show all consistently the same
values of 0.1 mOD cm?® pmol! . In comparison, cyt ¢ on Au-SAM exhibits approximately
16 times higher absorbance intensity normalized to the determined coverages. Thus, surface-
enhancement of cyt ¢ on the SAM-modified nanostructured Au can be roughly estimated by
a factor of about 16 compared to the (his-)cyt ¢ on ITOTg measured in ATR-IR modus. In
this first crude estimation of the molecular aborbances for the different spectro-electrochemical
platforms, the contribution of angular and surface distance dependencies of the SEIRA absorption
are disregarded. However, the estimated value for an enhancement of the surface sensitive Au
in the SEIRAs studies compared to ITOpr used for ATR investigations agrees well with the
enhancement factor of about 20 observed stated by Osawa [267, 112] and Hartstein[99], which
were obtained by comparing adsorbed SAMs on surface-enhancing Au electrodes with SAMs
in solution studied in transmission-IR. It also has to be noted that the coverage of cyt c on

Au-SAM was previously determined by CV and an accurate value can only be then obtained,
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if all adsorbed cyt ¢ molecules are electrochemically active i.e. oriented for exclusive DET on
the electrode surface and preserved in its native state. In contrast, the cyt ¢ and his-cyt c
coverage on ITOTR were determined via UV-Vis spectroscopy, measuring the protein incubation
solution with a known concentration before and after enzyme immobilization. by means of
the UV-Vis concentration, the determined protein coverage includes the quantification of all
electrochemically active, as well as inactive proteins, which might lead to an error comparing to
the electrochemically determined protein coverage. The attempts to determine cyt ¢ and his-
cyt ¢ coverage on ITO7g surfaces electrochemically did not result in any clear detectable redox

signals in the corresponding CVs.

An adsorption of his-cyt ¢ on the oxidized Si-prism (without the layer of ITOTg) also reveals a
very similar ratio for in its amide I band intensity (see Figure 5.10) relative to the surface coverage
determined by UV-Vis spectroscopic measurements of the SAM solution before and incubation,
just in same manners as described before. Since similar amide I band intensity/coverage ratios
are observed for cyt ¢ and his-cyt ¢ on planar ITOrg as well as on the undoped Si crystal a
surface-enhancement caused by the thin ITOrg film can be excluded. Previously, plasmonic
effects on highly doped ITO were discussed in literature, presumably induced by either highly
doping effects or material design.[308, 317, 318] In the case of the latter, surface-enhanced IR
Spectroscopy of ITO could be performed by means of confined ITO antennas [319, 320, 321] as
also shown for SERS.[322] In conclusion, contrarily to the highly doped ITO in literature an
enhancement in the MIR region at the surface of the ITOTr material seems highly unlikely.

7.2 Comparison of electrode surfaces suitable for spectro-
electrochemical studies on Membrane-Bound [NiFe] Hy-

drogenase from Re

Similar to the discussion in the previous subchapter amide I band intensities and surfaces cover-
ages of various Re MBH variants immobilized on different electrodes for spectro-electrochemical
studies are compared in Table 7.2. Namely, strep-MBH data on Au-SAM surfaces from previous
SEIRAS studies (see chapter 4) are compared to strep- and his-MBH IR studies on ITOrg (see
chapter 6), at which the spectral data is obtained in a modified ATR-IR setup.

The amide I band intensity normalized to the surface coverage (amide I/coverage) gives a rough
idea of the molecular absorption of the immobilized enzyme, and thereby allows to estimate an
enhancement factor by a comparison of spectral SEIRA and ATR-IR data. Indeed, strep-MBH
bound to on both Au-SAM surfaces, Au-CgNHs and Au-C; COOH, reveals almost identical values
of 14.3 and 14.4 mOD cm? pmol!, respectively. Also strep- and his-MBH on ITOTg exhibits
similar amide I/coverage ratio values of 9.3 and 9.7 mOD cm? pmol™. Since the use of the
amide I/coverage ratio is a very crude estimate for the determining a surface enhancement, a
more appropriate estimation was calculated by the integrated amide I band intensity per enzyme
unit, including the investigated areas for each ATR- and SEIRA measurement and the number

of adsorbed molecules calculated from the surface coverage.
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Table 7.2: MBH surfaces coverages on different bio-compatible electrodes compared to amide I band

intensities*
surface coverage (T") amide I intensity ~ amide I / coverage  Integrated amide I band
pmol ¢cm™ mOD mOD cm? pmol™! intensity / enzyme unit
Au-CeNH> — strep-MBH 0.44 (AFM) 6.3 (SEIRA) 14.3 3.8 1072
Au-C5COOH - strep-MBH  0.09 (AFM) 1.3 (SEIRA) 14.4 4.7 1072
ITOTR— strep-MBH 0.29 (UV-Vis) 2.7 (ATR) 9.3 5.2 10712
ITOrr— his-MBH 0.36 (UV-Vis) 3.5 (ATR) 9.7 2.6 1072

*Comparison of available date for strep-MBH on Au-SAM, on ITOTr and his-MBH on ITOrr. Methods
for the determination of protein coverage are denoted in brackets. Furthermore, the integrated amide

band intensity per enzyme unit is estimated.

Also, these values are located in very similar ranges independent of the type of spectroscopic
technique (SEIRAs or normal ATR measurement). Compared to the cyt ¢ findings, vide supra,
where a maximum enhancement factor of 16 could be estimated, the same spectroscopic tech-
nique reveals much lower values for the larger MBH protein. A reason for this discrepancy
regarding the enhancement factor may origin from the diverging protein sizes. The amide bands
encode the secondary structure of the protein and arise from couple amide bond vibrations of the
polypeptide chain. Since surface enhancement declines rapidly with distance (d) correlated with
d and the signal decays within a maximum distance of 8 nm from the surface, the impacting
on small proteins/molecules located close at the surface is higher compared to larger molecules.
In contrast, ATR-IR is known for an exponential decay of the evanescent wave within the pm
range. Therefore, an enhancement will be stronger for small molecules, which are situated in
close proximity to the surface. The larger the molecule is, the smaller the contribution of the
relative enhancement. For cyt ¢ a size of 3.4 nm is reported,[323] while the MBH with 7-10
nm exhibits almost twice the size of a cyt ¢ molecule. This may be the reason for the observed
hardly enhanced absorption intensities per enzyme unit of MBH on Au-SAM, whereas, for the
half sized cyt c, the enhancement still affects the observable signal intensities drastically. The
effect and possible contributions of a surface enhancement by SEIRA spectroscopy in contrast
to ATR-IR studies on ITOpg becomes evident within a closer look at the amide band positions
of the adsorbed MBH.

Fig. 7.1 shows the absorbance spectra and the corresponding second derivative of these spectra
in spectral region characteristic for the the amide I and II bands of strep-MBH immobilized
on all five different Au-SAM surfaces monitored by SEIRA as discusses in chapter 4 and of
strep-MBH as well as hissMBH on ITOrpgr measured by ATR-IR spectroscopy, in chapter 5.
However, distinct differences can be observed for the corresponding amide band positions. SEIRA
spectra display shifts of the MBH amide I and amide II bands of about 10 cm™ and 4 cm™
to higher wavenumbers, respectively, compared to MBH immobilized on ITO7g. The second
derivative (Fig. 7.1B) disentangles distinctive amide band positions more easily, while in the
corresponding absorbance spectra strong band overlaps are dominating, and thus do not allow
proper assignments. Fig. 7.1B reveals that the absorptions of the secondary structure elements
contributing to the enveloping amide I and II bands are located at exactly the same positions.

The apparent shifts in the original absorbance spectra (Fig. 7.1A) are therefore more likely

167



due to a diversely pronounced enhancement of the various secondary structure elements of the
protein backbone, which dependents on the particular orientation and the relative distance to
Au surface, according to surface selection rules. Hence, the apparent amide band positions in

the absorbance spectrum differ.

oy
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Figure 7.1: (A) SEIRA spectra of strep-MBH on different SAMs (black) compared to ATR-IR spectra
of his-MBH and strep-MBH on ITOrr surface (gray) after 30 min of immobilization with (B) the

corresponding second derivatives of the spectra.

For a comparison of the catalytic efficiency, the turnover frequency (kecas) of Re MBH on all
different electrode surfaces with known coverage was calculated and summarized in Table 7.3. It
has to be noted that the electrochemical measurements were performed on stationary electrodes.
Since diffusion is the strongest limiting factor for stationary electrodes, the determined k¢,
is used here as an indication of the efficiency of interfacial ET upon MBH-surface interaction.
However, these kcat values cannot be compared to the corresponding values in other works, where

rotating disc electrodes are used, that overcome the diffusion limitation.

Table 7.3: Overview on Re MBH turnover frequencies on different electrode surfaces*

surface coverage (I") amide I intensity Jmax Keat

pmol cm? mOD pA cm?® st
Au-C;NH, — strep-MBH 0.44 (AFM) 6.3 (SEIRA) 2.0 24
Au-CsCOOH - strep-MBH  0.09 (AFM) 1.3 (SEIRA) 1.0 58
ITOrr~— strep-MBH 0.29 (UV-Vis) 2.7 (ATR) 3.1 54
ITOrr— his- MBH 0.36 (UV-Vis) 3.5 (ATR) 13.0 187

*Comparison of values for surface coverage (I'), amide I band intensity, maximal current densities (jmax)
and the resulting turnover frequencies (kcat ), which were determined for strep-MBH on Au-SAM, on
ITOrr as well as his- MBH on ITOrr. Applied methods for the protein coverage determination are

denoted in brackets.

The maximum turnover frequency, Kk¢at, was calculated for stationary electrodes by
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bear = 4

with jmax as maximum current density, n is the number of transferred electrons in the catalytic
reaction and F is the faraday constant (96 485 C molfl). The determined k.,; show the lowest
value for the MBH adsorbed on NHs-coated surface, which was estimated already due to its
orientational drawback suggesting a slow ET in chapter 4. In surprisingly well agreement is
the corresponding values for Re MBH adsorbed on negatively charged Au-CsCOOH as well as
adsorbed on ITOrg with kea; of 58 57! and 54 s, If the surface of a metal oxide is not pretreated,
the surfaces contain mixtures of functional groups such as hydroxyl or carboxylic groups. Even
though the exact distribution and the amount of functional groups of ITOrgr surface are not
known, the corresponding k.,; values are similar. The turnover frequency of his-MBH on PGE

electrode could not be determined here, since an enzyme coverage was not estimated.

Table 7.4 displays the observed OCP values for strep-MBH on Au-SAMs and ITOrg as well as
his-MBH on ITOrgr under Ar and Hy. As discussed previously, a correlation between OCP and

catalytic efficiencies depending on the enzyme-surface interaction can be derived.

Table 7.4: MBH turnover frequency and reported open circuit potentials under Ar and Ho*

surface coverage (I") Keat Eocp(Ar) Eocp(Hz)
pmol cm™ st mV (vs SHE) mV (vs SHE)

Au-CgNHs — strep-MBH 0.44 (AFM) 24 +130 -40
Au-C5COOH - strep-MBH  0.09 (AFM) 58 +130 -240
ITOTR— strep-MBH 0.29 (UV-Vis) 54 +300 -240
ITOTr— his-MBH 0.36 (UV-Vis) 187 4300 -290

*Comparison of values for surface coverage (I'), turnover frequencies (kcat ) and open circuit potentials
observed under Ar (Eocp(Ar)) and Ho (EOCP(H,)) atmosphere, determined for strep-MBH on Au-
SAM, on ITOrgr and hiss-MBH on ITOrr. Chosen methods for the protein coverage determination are

denoted in brackets.

Thereby, the lowest OCP value might indicate the best so far achieved enzyme-surface interaction,
exhibiting an adequate direct and fast ET from the enzymes to the electrode surface. This is
based on the hypothesis discussed in literature, that the closer the OCP to the redox potential
of the enzyme or of a predominant reaction which is taking place, the more efficient the DET
occurs between enzyme and the surface.[241] In case of the hydrogenase, the OCP can be used as
a guideline representing the zero net current. The closer the OCP to the zero net current (onset
potential), the better is the DET efficiency. In fact, also the previously conducted experiments
on Au modified surfaces could verify a correlation of the observed OCP of adsorbed Re MBH
on diverse surfaces with the efficiency of the DET (see chapter 4). In this respect, preferential
orientations through the transmembrane helix, either strep-tag or his-tag, apparently provide not
only a homogeneous orientational distribution but also an efficient heterogeneous ET between

electrode and enzyme.

For the sake of completeness, it is worth to mention that enzyme coverage is also known to affect
the OCP value.[241] The smaller the enzyme coverage is, the higher becomes the expected OCP
value. However, AFM experiments showed loadings of similar values for his-MBH on ITOrg and
strep-MBH on SAM-coated Au. Therefore, the effect of enzyme coverage on the OCP can be

assumed to be negligible in the present case.

169



7.3 Conclusions

In conclusion, the simple ATR-IR setup in a Kretschmann configuration is a powerful alternative
method for monitoring protein (sub)monolayers on planar surfaces without the need for any
plasmonic enhancement. Furthermore, a certain surface sensitivity can be achieved for this chosen
set up. In situ measurements following the immobilization process as well as electrochemical
characterization could be performed without the interference of water bands, which are usually

a problem during ATR experiments, especially on adsorbed (sub)monolayer species.

In contrast to the exponential decay of the signal intensity in ATR-IR spectroscopy, the surface
enhancement of the IR signal in SEIRA spectroscopy decays more rapidly by a factor of d-
The larger the adsorbed enzyme on the Au surface, the smaller the impact of the enhancement
effect on the absolute intensity of amide I and amide II bands. The SEIRA effect becomes most
evident when comparing the secondary structure component intensities, which resulted in a shift
of centered amide I and amide II bands. The enhancement effect in SEIRA spectroscopy can be
advantageous when estimating orientations as a result of the angular selection rule, but cannot
provide immediate quantitative determination. The latter can be easier achieved by ATR-IR

spectroscopy and optical theory.

In future, an enhancement of spectral intensity could be achieved by an increasing protein loading
for example by providing larger surfaces within 3D materials. Replacing planar TCO films by
thin porous materials should easily lead to greater signal intensities. Thus, some of those 3D
materials based on ITOTr were tested for strep-MBH immobilization. Initial results are displayed
in appendix Fig. A.19, A.20.
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Appendix A

Appendix

Appendix to Chapter 4

A4.1 Structure of the MBH heterodimer

Figure A.1: Panel A shows the secondary structure of the MBH. The small and large subunits are
colored in cyan and purple, respectively. Additionally, the FeS clusters are indicated as spheres.
In panel B, the electrostatic potential surface calculated with the APBS tool is displayed. Red
and blue indicate negatively and positively ged regions, respectively. The yellow arrow
demonstrates the direction of the dipole moment of the dimer.



A4.2 Experimental series of strep-MBH on negatively charged SAMs of
mixtures CsCOOH-SAM and C¢0OH-SAM on Au electrodes.
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Figure A.2: Cyclic voltamogramms of strep-MBH in Hy saturated 10 mM NaPOy-buffer at
pH 5.5, on stationary electrode; Strep-MBH immobilization and measurements at pH 5.5; Im-
mobilization time 4h; Immobilization temperature at 4°C; Measurements performed at room
temperature; Scan rate 5 mV/s. Experiments performed by Dr. Nastaran Ranjbar/ Strasser
group.

A4.3 Time dependencies of strep-MBH on Au-CsCOOH/CsOH (1:9;

Viv)
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Figure A.3: First recorded cyclic voltamogramms of strep-MBH on Au-coated C5;COOH/CszOH
(1:9; v:v) in Hy saturated 10 mM NaPOy-buffer at pH 5.5 at varying enzyme incubation times: 10
min, 15 min, 30 min, 150 min, 240 min; on stationary Au-pen electrode; measured in two repeated
experimental passages. Strep-MBH immobilization and measurements at pH 5.5; Immobilization
temperature at 4°C; Measurements performed at room temperature; Scan rate 5mV/s.
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A4.4 pH dependencies of strep-MBH on Au-C;COOH
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Figure A.4: Cyclic voltamogramms of strep-MBH on Au-C5sCOOH in Hs-saturated electrolyte
(10 mM phosphate buffer; pH 5.5), stationary electrode, scan rate 5 mV/s, hydrogenase immo-

bilization in pH 5.5 10 mM buffer performed by Dr. Nastaran Ranjbar/ Strasser group/ TU
Berlin.

A4.5 Strep-MBH immobilization essayed on various SAMs at various
pHs
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Figure A.5: Cyclic voltammograms of strep-MBH under Hy atmosphere on Au-coated CgNHo
(black trace), CsNHz/CgOH (red trace) and CsCOOH/CgOH (blue trace) carried out in 10 mM
NaPOy-buffer (A) immobilization as well as measurement at pH 7 (with pre-activation at -550
mV for 5 min), (B) immobilization at pH 7, subsequent measurements performed at pH 5.5,
(C) immobilization and measurement at pH 5.5. Immobilization time 30 min; Immobilization
temperature was set to 4°C; Measurements performed at room temperature; Scan rate 5mV/s.
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A4.6 Correlation between immobilization time and current densities for
strep-MBH on Au-C5sCOOH/CsOH
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Figure A.6: Results of maximum current density efficiencies of strep-MBH adsorbed as a function
of immobilization time on Au-CsCOOH/CgOH (1:9; v:v). Maximum current densities evaluated
each from first recorded cycle at +100mV. Immobilization in 10 mM PB buffer at pH 5.5 at
4°C; CV measurements in 10 mM PB buffer at pH 5.5 at room temperature. Evaluated from
Nastaran Ranjbar’s experiments.

A4.7 Electrochemical desorption of the amino-1-hexanethiol SAM
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Figure A.7: Reductive desorption of the amino-1-hexanethiol SAM. The chemically modified Au
electrode was subjected to an AC voltammetric sweep from +0.2 to -1.4 V in a buffered solution
at pH 5.5 under Ar atmosphere. Scan rate, frequency, and potential amplitude were 50 mV s!,
100 Hz, and 4 mV, respectively. In the potential region between 0 and -0.8 V, the amplitude
of the capacitive current of the electrical double layer (I) is essentially constant, and its value
is about half that of the bare Au electrode, hereby used as a blank (dotted line). At poised
potentials lower than -0.6 V, current increases exponentially, as expected for SAM desorption.
The capacitive current measured after SAM desorption (short thick line) is twice that of the Au-
SAM electrode and is similar to that of the blank (dotted line). Please note that the minimum
of the AC trace at -250 mV for the SAM-coated electrodes corresponding to the point of zero
charge of the system is very close to -340 mV.
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A4.8 CV of methylene blue mediator on Au-SAM
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Figure A.8: CV of 10 pM methylene blue in 10 mM PB buffer at pH 5.5 on Au-CgNHs. Scan
rate 5 mV/s.

A4.9 pKa determination of Au coated SAMs

1,0 LX)

0,84  C,COOH/C.OH (v:v; 1:9)
pKa=5.7£0.1 o

< 0,61
2 C,COOH
= 044 pKa=6.3%0.1
0,21
0,0 .
T T T T T
4 6 8 10
pH

Figure A.9: pKa titration of C5COOH- and C5COOH/C60H-SAM-coated on Au electrodes
for strep-MBH immobilization. Surface pKa values of the SAMs were determined by the peak
current (ip) of a given probe redox couple in buffers varying the pH. Experiments were carried
out after protocol described by Degafa et. al performed by Dr. Maria Ana Castro / Murgida
group.
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A4.10 Ellipsometric Measurements

Ellipsometry has been applied to determine the thickness of the protein layer adsorbed on gold
electrodes coated with an amino-terminated SAM. For the protein-coated SAM/Au/Si-prism or
wafer a one-box model was assumed, in which the continuum media were air (n=1.000) and gold
(n=0,144; k=3,178). The refractive index and the absorption constant of gold were determined
by measuring 5 different spots on the bare gold surface. With respect to its small thickness the
SAM layer could be neglected. In such way the thickness of the protein layer has been fitted.
The obtained average ellipsometric angles A and ¥ were determined to be 100.19° and 43.29°.
As thin films (<10nm) were investigated only the respective A values change significantly. The
refractive index of the enzyme layer n was estimated to a value of 1.48. Figure FigA.10 displays

changes of the ellipsometric angle A in dependence of the thickness with respect to the applied

model.
Elli simulation
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Figure A.10: Simulation of the ellipsometric angle A in dependence of the thickness according
to the applied model. The measured average A value of 100.19° represents a thickness of ca. 7
nm.
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A4.11 Protein Film Voltammetry of absorbed strep-MBH compared to
the bare C¢NH,-SAM/Au
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Figure A.11: Voltammetric traces of immobilized Re MBH on a SAM-coated Au electrode in the
presence of Ho-saturated buffer (10 mM PB buffer; pH 5.5) (solid line), corresponding amino-1-
hexanethiol SAM-coated Au electrode prior to immobilization (dashed line).
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A4.12 Potential dependent changes of strep-MBH active site adsorbed
on CgNH>,-SAM/Au
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Figure A.12: Potential dependent band intensities for CO absorptions, characteristic for different
states of the active site, providing thereby crude courses of various redox transitions, which were
determined for two different samples of strep-MBH adsorbed on C¢NHs/Au. The displayed
potentials were applied stepwise until spectral equilibrium was reached; potential steps were
applied from negative to positive values (A) and (B) in the reversed manner (positive to negative
values). Measurements were performed in 10 mM PB solution at pH 5.5 under Ar atmosphere
at 4°C.
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Appendix to Chapter 6

A6.1 Time dependencies of strep-MBH on
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Figure A.13: First recorded cyclic voltamogramms of hissMBH on ITOrgr/ITO/glass in Hy
saturated 10 mM NaPOy-buffer at pH 5.5. His-MBH immobilization and measurements at pH

5.5; Immobilization temperature at 4°C; Measurements performed at room temperature; Scan
rate 5mV/s.

A6.2 His-MBH adsorbed on various substrate materials
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Figure A.14: First recorded cyclic voltamogramms of his-MBH on varying material electrodes:
PGE, ITOrgr-coated on Si-prism, on p-doped Si wafer, on ITO/glass in Hy saturated 10 mM
NaPOy-buffer at pH 5.5 for 10 min immobilization. His-MBH immobilization and measurements

at pH 5.5; Immobilization temperature at 4°C; Measurements performed at room temperature;
Scan rate 5mV/s.
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A6.3 Protein Film Voltammetry of absorbed strep-MBH on low con-
ductive ITOrgr thin films
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Figure A.15: CVs of low conductive ITOpg thin film before (black trace) and after immobiliza-
tion of strep-MBH (red trace).

A6.4 Mass Spectra
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Figure A.16: Mass spectroscopic analysis of electrolyte solution (10 mM PB buffer at pH 5.5
) from his-MBH adsorbed on ITOrr surface after cronoamperometric treatment of 1h at (A)
OCP, (B) below (-500 mV) and above (-700 mV) the standard Hy/HT couple (E'=H,/H* =
-550 mV). All potentials are depicted vs Ag/AgCl reference electrode.
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A6.5 Time dependencies of strep-MBH on ITOrgr
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Figure A.17: CVsof blank ITOrgr (grey) and strep-MBH on ITOrr upon variation of incubation
time of 1, 5, 10 and 30 min with a 1 pM strep-MBH in a 10 mM phosphate solution at pH 5.5.
ITOTgR exposes small and broad peaks around 0.2 V, which occur through hydroxylation of metal
exposed surface. Experiments at pH 7 showed much lower DET.

Appendix to Chapter 7

A7.1 Determination of his-MBH coverage on oxidized Si-prism (SiOy-

surface)
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Figure A.18: UV-Vis spectra of his-cyt ¢ solutions before (black) and after (red) 30 minutes of
incubation of and SiO, surface on Si prism for ATR-IR measurements.

208



A7.2 3D structures of ITOrr and SnO, nanostructured materials
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Figure A.19: SEM images and illustrations of (A) Au nanoparticle (AuNPs) - loaded ITOrg
closed hollow spheres and (B) submonolayer of SnOs spheres coated on Si prism for enzyme
immobilization in ATR-IR mode.
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A7.3 Strep-MBH immobilization on 3D structures of ITOrr and SnO,

materials
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Figure A.20: SEM imags of (A) Au nanoparticle (AuNPs) - loaded ITOrg closed hollow spheres
and (B) submonolayer of SnOs spheres coated on Si prism and ATR-IR spectra of corresponding
strep-MBH adsorption after 30 min presenting region characteristic for amide and active site.
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