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Abstract

Abstract

In this work, different strategies for the construction of biohybrid photoelectrodes are
investigated and have been evaluated according to their intrinsic catalytic activity for the
oxidation of the cofactor NADH or for the connection with the enzymes PQQ glucose
dehydrogenase (PQQ-GDH), FAD-dependent glucose dehydrogenase (FAD-GDH) and
fructose dehydrogenase (FDH). The light-controlled oxidation of NADH has been
analyzed with InGaN/GaN nanowire-modified electrodes. Upon illumination with visible
light the InGaN/GaN nanowires generate an anodic photocurrent, which increases in a
concentration-dependent manner in the presence of NADH, thus allowing determination
of the cofactor. Furthermore, different approaches for the connection of enzymes to
quantum dot (QD)-modified electrodes via small redox molecules or redox polymers have
been analyzed and discussed. First, interaction studies with diffusible redox mediators
such as hexacyanoferrate(Il) and ferrocenecarboxylic acid have been performed with
CdSe/ZnS QD-modified gold electrodes to build up photoelectrochemical signal chains
between QDs and the enzymes FDH and PQQ-GDH. In the presence of substrate and
under illumination of the electrode, electrons are transferred from the enzyme via the
redox mediators to the QDs. The resulting photocurrent is dependent on the substrate
concentration and allows a quantification of the fructose and glucose content in solution.
A first attempt with immobilized redox mediator, i.e. ferrocenecarboxylic acid chemically
coupled to PQQ-GDH and attached to QD-modified gold electrodes, reveal the potential
to build up photoelectrochemical signal chains even without diffusible redox mediators
in solution. However, this approach results in a significant deteriorated photocurrent
response compared to the situation with diffusing mediators. In order to improve the
photoelectrochemical performance of such redox mediator-based, light-switchable signal
chains, an osmium complex-containing redox polymer has been evaluated as electron
relay for the electronic linkage between QDs and enzymes. The redox polymer allows the
stable immobilization of the enzyme and the efficient wiring with the QD-modified
electrode. In addition, a 3D inverse opal TiOz (I0-TiO) electrode has been used for the
integration of PbS QDs, redox polymer and FAD-GDH in order to increase the electrode
surface. This results in a significantly improved photocurrent response, a quite low onset
potential for the substrate oxidation and a broader glucose detection range as compared
to the approach with ferrocenecarboxylic acid and PQQ-GDH immobilized on CdSe/ZnS
QD-modified gold electrodes. Furthermore, 10-TiO> electrodes are used to integrate
sulfonated polyanilines (PMSAT1) and PQQ-GDH, and to investigate the direct interaction
between the polymer and the enzyme for the light-switchable detection of glucose. While
PMSAT1 provides visible light excitation and ensures the efficient connection between the
IO-TiO2 electrode and the biocatalytic entity, PQQ-GDH enables the oxidation of
glucose. Here, the I0-TiO, electrodes with pores of approximately 650 nm provide a
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suitable interface and morphology, which is required for a stable and functional assembly
of the polymer and enzyme. The successful integration of the polymer and the enzyme
can be confirmed by the formation of a glucose-dependent anodic photocurrent. In
conclusion, this work provides insights into the design of photoelectrodes and presents
different strategies for the efficient coupling of redox enzymes to photoactive entities,
which allows for light-directed sensing and provides the basis for the generation of power

from sun light and energy-rich compounds.
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Zusammenfassung

Zusammenfassung

In dieser Arbeit werden verschiedene Strategien fiir den Aufbau biohybrider
Photoelektroden untersucht und hinsichtlich ihrer intrinsischen katalytischen Aktivitét fiir
die Oxidation des Kofaktors NADH oder fiir die Kontaktierung mit den Enzymen PQQ
Glukosedehydrogenase (PQQ-GDH), FAD-abhédngige Glukosedehydrogenase (FAD-
GDH) und Fruktosedehydrogenase (FDH) evaluiert. Der Licht-gesteuerten Nachweis von
NADH wurde mittels InGaN/GaN Nanodraht-modifizierten Elektroden untersucht. Bei
Beleuchtung mit sichtbarem Licht generieren die InGaN/GaN Nanodrihte einen
anodischen Photostrom, welcher in der Anwesenheit von NADH konzentrationsabhéngig
ansteigt und somit eine Bestimmung des Kofaktors erlaubt. Des Weiteren werden
verschiedene Ansdtze fiir die Kontaktierung von Enzymen mit Quantum Dot (QD)-
modifizierten Elektroden unter Verwendung von kleinen Redoxmolekiilen oder
Redoxpolymeren analysiert und diskutiert. Zunédchst wurden Interaktionsstudien mit den
Redoxmediatoren Kaliumhexacyanoferrat(Il) und Ferrocencarbonsiure in Losung an
CdSe/ZnS QD-modifizierten Goldelektroden durchgefithrt um darauf aufbauend
photoelektrochemische Signalketten zwischen QDs und den Enzymen FDH und PQQ-
GDH aufzubauen und fiir den Nachweis von Fruktose und Glukose zu nutzen. In
Anwesenheit von Substrat und unter Beleuchtung der Elektrode werden Elektronen von
dem Enzym {iber die Redoxmediatoren zu den QDs iibertragen. Der daraus resultierende
Photostrom ist abhéngig von der Substratkonzentration und erlaubt eine Bestimmung des
Fruktose- und Glukosegehalts in Losung. Ein erster Ansatz mit immobilisierten
Redoxmediatoren, d.h. Ferrocencarbonsiure kovalent an PQQ-GDH gebunden und auf
QD-modifizierten Goldelektroden immobilisiert, zeigt das Potential
photoelektrochemische Signalketten auch ohne Redoxmediatoren in Losung aufzubauen.
Jedoch resultierte dieser Ansatz in einer deutlichen Verschlechterung der
Photostromantwort im Vergleich zum Ansatz mit Mediatoren in Losung. Um die
photoelektrochemische Leistungsfdhigkeit Redoxmediator-basierter, Licht-schaltbarer
Signalketten zu verbessern, wurde ein Osmiumkomplex-Redoxpolymer fiir die
elektronische Kontaktierung zwischen QDs und Enzymen untersucht. Das Redoxpolymer
erlaubt eine stabile Immobilisierung des Enzymes und eine effiziente Kontaktierung mit
der QD-modifizierten Elektrode. Zusétzlich wurde eine 3D ,,inverse opale* TiO2 (1O-
Ti0.) Elektrode fiir die Integration der PbS QDs, des Redoxpolymers und der FAD-GDH
verwendet um die Elektrodenoberfliche zu vergroBern. Dies fiihrt zu einer deutlich
verbesserten Leistungsfihigkeit hinsichtlich der Photostromantwort, des Startpotentials
fiir die Substratoxidation und des Nachweisbereiches fiir Glukose im Vergleich zu dem
Ansatz mit Ferrocencarbonsdure und PQQ-GDH immobilisiert auf CdSe/ZnS QD-
modifizierten Goldelektroden. Des Weiteren wurden 10-TiO2 Elektroden verwendet um
sulfonierte Polyaniline (PMSA1) und PQQ-GDH zu integrieren und die direkte
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Interaktion zwischen dem Polymer und dem Enzym fiir den Licht-schaltbaren Nachweis
von Glukose zu untersuchen. Wéahrend PMSAT1 eine Anregung mit sichtbaren Licht
ermoglicht und die effiziente Verbindung zwischen der 10-TiO2-Elektrode und der
biokatalytischen Einheit sicherstellt, ermdglicht die PQQ-GDH die Oxidation von
Glukose. Hierbei bieten die IO-TiO2-Elektroden mit Poren von ca. 650 nm eine geeignete
Schnittstelle und Morphologie, welche fiir eine stabile und funktionelle Assemblierung
des Polymers und Enzyms benétigt wird. Die erfolgreiche Integration des Polymers und
des Enzyms kann durch die Ausbildung eines Glukose-abhingigen anodischen
Photostroms bestétigt werden. Zusammenfassend gibt diese Arbeit Einblicke in den
Aufbau  von  Photoelektroden und  présentiert  verschiedene, effiziente
Kopplungsstrategien zwischen Redoxenzymen und photoaktiven Komponenten, welche
einen Licht-gesteuerten Nachweis von Analyten ermoglichen und die Grundlage fiir die
Energieerzeugung aus Licht und energiereichen Verbindungen bilden.
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1 Introduction

1 Introduction

The sun provides us with light as the most abundant energy source in the world and
represents the basic requirement for life on our planet. Over billions of year’s nature
evolved light-converting organisms such as photosynthetic bacteria, algae and plants,
which exploit solar radiation for the transformation in chemical energy. This well-known
process is called photosynthesis and enables the utilization of low energy CO» via
harnessing light energy for the production of energy-rich sugars. In photosynthetic
organisms this reaction is initialized via absorption of photons by protein-pigment
complexes, inducing an excited electronic state and triggers a multistep energy/electron
transfer cascade resulting in a transformation of chemicals. Inspired by this, scientists
tried to mimic natural photosynthetic reactions. For the utilization of sun’s power natural
dyes have been in the focus of light-induced energy and electron transfer studies and
served as inspiration for the modification and development of new artificial dyes.! Further
efforts have been made to not only use dyes as individual building blocks but also to
imitate the whole light-harvesting antenna system by integration of chromophores in 3D
structures.”* Besides organic dyes also inorganic semiconducting materials play a major
role for the construction of light-converting systems. This area strongly benefits from the
great progress in the design and synthesis of nanostructures. Particularly, semiconductor
nanocrystals called quantum dots have revolutionized the field of light-harvesting
nanostructures due to their unique photophysical properties giving access to various

optoelectronic applications.>S

Using the sun as an inexhaustible and sustainable energy source has gained much
attention for the conversion of solar into electrical energy, providing by far enough energy
to completely supply the humanity with power.” Silicon-based photovoltaics are well
established devices that already operate in large solar cell parks representing the
benchmark for other light-to-current converting systems. However, silicon-based solar
cells lack to achieve efficiencies above 20%, and thus much work is dedicated to the
design and construction of new nanostructured systems as they promise a further boost of
the solar-to-current conversion efficiency and at the same time reducing the costs for their
production. Another direction of research is more oriented towards the utilization of light-
sensitive entities as catalysts, which overcome the energetic reaction barrier for chemical
transformations with light. Here, the light-sensitive element itself can either be both,
light-harvester and catalyst, or the catalytic activity is introduced by a combination with
second catalytic material. The field of applications is rather widespread and includes the
production of fuels such as Hy, the fixation of CO», the remediation of hazardous wastes,
the synthesis of medical substances and the utilization as sensors.® Even if the amount of
available catalysts is constantly increasing by new developments in the fields of materials,
surface modifications or morphologies, these catalysts stay often behind the effectivity
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1 Introduction

and specificity of biocatalysts found in nature.’ Furthermore, some chemicals can up to
date only be transformed with biocatalysts or under energy-intensive harsh conditions.
This has increased the interest in using biocatalysts commercially, but also to understand
the reasons leading to their outstanding properties for the construction of bioinspired
artificial catalysts.

Redox enzymes represent one of the most widely studied groups of biocatalysts. This can
be attributed to their ability to transfer electrons not only with natural interaction partners,
but also to communicate with electrodes.'®!'! In this case the electrode acts as a transducer,
which converts the biological signal of the enzyme in an electrical measureable signal,
making enzyme electrodes interesting for bioelectronics, biosensors and biofuel cells.

Recently, the combination of both, light-sensitive entities with redox enzymes, has
initiated a new research field. Such biohybrid systems unit the ability to harvest light
energy and offer biocatalytic activity and specificity simultaneously in one integrated
system, providing the potential to create new approaches for sensing and bioenergetics,
which cannot be realized by the light-sensitive entity or the enzyme alone. For example,
photoelectrochemical sensors can be designed, which allow to control electrode reactions
not only by the applied potential, but also by modulation of a light source. Thus, the
background signal (dark current) can be separated from the analytical signal
(photocurrent), this can also help to improve the sensitivity. Furthermore, the construction
of self-sufficient sensors relying only on sunlight becomes feasible. The light-harvesting
functionality can also help to improve the power-output of biofuel cells for the
transformation of biomass by exploiting additional energy gained by solar radiation.
However, practical prospects cannot be foreseen and therefore several aspects have to be
considered. Particularly, the realization of an efficient connection between the electrode
and the light-sensitive entity on the one hand, and between the enzyme and the light-
sensitive entity on the other hand remains challenging. Currently, the communication
between photoactive materials and enzymes is mostly realized via soluble enzymatic
cofactors, substrates or products, which often limits the application. Moreover, also the
reaction mechanism is often not well studied in detail. Therefore, a detailed investigation
of photoelectrodes and the electronic linkage of biocatalysts to photoactive entities via
mediators or direct electron transfer could help to overcome these limitations. This may
push forward the utilization of light-converting biohybrids in advanced sensorial and
energetic applications.
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2 Aim of this work

The aim of this thesis is to design and analyze biohybrid photoelectrochemical electrodes,
which combine the photophysical properties of light-sensitive entities with the
biocatalytic features of enzymes. Therefore, new strategies for the construction of
photoanodes using semiconductor nanostructures such as quantum dots and InGaN/GaN
nanowires or conductive polymers as photoactive entity shall be explored. The
constructed photoanodes should either be exploited regarding its intrinsic photocatalytic
activity for the light-directed detection of NADH or for establishing light-triggered signal
chains with biocatalysts including PQQ glucose dehydrogenase, FAD glucose
dehydrogenase and fructose dehydrogenase. The electrical linkage of the enzyme to the
photoactive entity shall be achieved via mediated or direct electron transfer. Here, the
focus is placed on the optimization of the performance of the biohybrid photoanodes in
terms of the signal stability, the usable wavelength range for the photoexcitation, the
photocurrent amplitude, the onset potential for the analyte oxidation, and the detection

range.
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3 Theoretical Background

3.1 Light-converting materials

Materials capable of converting solar radiation in electrical or chemical energy have
gained much attention for solving energetic human demands with photovoltaic and
photocatalytic devices, but have also found application for the construction of sensorial
systems. So far, a barely manageable number of different photoactive materials and
material combinations have been studied for their light-harvesting capabilities and/or
catalytic features. Roughly, photoactive materials can be classified according to the
chemical composition into inorganic and organic semiconductors. This chapter will give
an overview about light-induced processes in semiconductor materials in order to
understand this work, highlighting the most important facts about light-sensitive entities
used in this thesis, i.e. quantum dots, nanowires, and polyanilines. More detailed
informations about the properties of photoactive materials used in sensors, and light-to-

current and light-to-chemical converting systems can be found in ref. >!2717,

3.1.1 Electronic and optical properties of semiconductors

The ability of semiconductors to convert light energy can be attributed to their fascinating
(photo)-electrical properties. While semiconductors act at the temperature of absolute
zero as nonconductors, by supply of energy e.g. heat or light the material can become
conductive. This effect can be understand with the band model depicted in Figure 1. A
band is a broad electronic energy level that arises from the overlapping of many individual
molecular orbitals in a macroscopic solid. The molecular orbitals within semiconductor
solids leads to a formation of an upper occupied band, i.e. the valence band (VB), and a
lower unoccupied band, i.e. the conduction band (CB). The CB and VB are separated by
a band gap, which describes the energetic states that are according to quantum mechanics
not allowed and cannot be occupied by electrons. In the unexcited state the valence band
is filled with electrons and the conduction band is empty. If sufficient energy is applied
to overcome the band gap, electrons can be transferred from the VB to the CB leaving
behind a hole in the VB (figure 1). This state is called electron-hole pair or exciton and
represents free charge carriers, which contribute to the electrical conductivity of the
material. The exciton is not stable and can undergo recombination, charge carrier
separation or energy transfer. The recombination can be divided in radiative and
nonradiative reactions, which are accompanied by a return of the excited electron from
the CB to its initial state in the VB. While the radiative recombination results in an
emission of a photon with a wavelength corresponding to the band gap energy, for the

nonradiative recombination the energy is converted into a lattice vibration in the crystal,
12



3 Theoretical Background

also known as phonon.!® Charge carrier separation involves the transfer of excited
electrons from the semiconductor to a second reaction partner (reduction) or the fill up of
holes of the semiconductor with electrons of a second reaction partner (oxidation). The
efficiency of the electron transfer between two reactants can be described with the model
of the Marcus theory and depends on several factors such as the solvent, the size, the
distance of the reactants and the free enthalpy of the redox reaction.!” By contrast, the
energy transfer is based on the radiation-free transfer of energy from a donor to a acceptor.
The Forster resonance energy transfer (FRET) represents the most important energy
transfer process. The efficiency of a FRET strongly depends on the distance between the
donor and acceptor, which should not exceed 10 nm.?® A further requirement for a FRET
is that the emission spectrum of the donor overlap with the absorbance spectrum of the

acceptor.
Conduction band
F 9 ]
® a
> o . %
) Q @ Fermi level g
2l e ® X :
e _® e g e ®
@ e
e
Valence band
Metal Semiconductor Insulator

Figure 1. Schematic illustration of the band model for metals, semiconductors and insulators.
While for metals the valence and conduction band overlap providing the material conductivity, in
semiconductors and insulators both states are separated by a band gap. The difference between
semiconductors and insulators is that electrons in semiconductors can overcome the band gap
with additional energy e.g. heat or light. This is not possible for insulators.

For intrinsic semiconductors the number of free charge carriers in the CB and VB
determines the electrical properties.’! However, the conductivity of semiconductor
materials can be amplified via doping with impurities in order to introduce charge
carriers. The foreign atoms introduce either an additional electron (n-type) or have one
electron less (p-type) than atoms of the raw semiconductor crystal. A typical example for
doping is the modification of silicon with boron or phosphorus for the construction of p-

type or n-type semiconductors, respectively.

Inorganic semiconductors can be divided in elementary and compound semiconductors.
While elementary semiconductors are composed of only one element such as silicon or
germanium, compound semiconductors are formed by at least two elements from two
different groups in the periodic system. Examples are material compositions from the III
and V group e.g. GaP, GaN and InGaN, the II and VI group e.g. CdS, CdSe, ZnS and

13
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Zn0O, and from the IV and VI group e.g. PbS and PbSe. These materials have different
capabilities to absorb sun light and generate electron-hole pairs, which is determined by
the band gap of the respective semiconductor material. In figure 2, the band gap energy
(Eg) of some often used semiconductors is illustrated and has been arranged within the
solar spectrum according to the light energy (wavelength) needed to generate electron-
hole pairs and overcome the band gap.
1 3 Energy [eV]
1,5 ——

T
PbS, Eg=08eV
Si,Eg=1.1eV
O

-
[=]
1

c‘ﬁa JEg=24eV
o

] \ |
|
Ti%, Eg=32eV ' “ ’hw

] 1| U ohbla
U“L ‘|1 “\ |? i “‘|1|J' I o \“l\
1®aN, Eg =3.51 eV ‘ l‘

:.'O

Spectral irradiance [W m™ nm™']
o
w

o
o

400 600 800 1000 1200 1400
Wavelength [nm]

Figure 2. Wavelength-dependent intensity spectrum of the terrestrial solar radiation between
300 nm and 1500 nm.?* Additionally, the band gaps (Eg) of several macroscopic semiconductors
are illustrated by a circle, corresponding to the minimum energy in eV needed to generate
electron-hole pairs.****

It is obvious that for example GaN (Eg = 3.51 eV)* cannot be excited with visible light
due to its large band gap and is thus less suitable for the efficient conversion of sun light
as the sole material. However, a modification of pure GaN can shift the excitation range
to longer wavelength.? For instance, the insertion of indium within GaN results in InxGa;-
«N alloys with changed optical and electrical properties.’2® A indium proportion of 20%
results in a decrease of the band gap by about 0.7 eV and allows a excitation up to
wavelength of about 440 nm, while pure GaN allows only the use of UV light.?® Similar
to GaN, also TiO, (Eg=3.2 eV) is only able to exploit the UV part of the sun spectrum.
However, the beneficial properties such as non-toxicity, photochemical stability and the
location of the electronic states (i.e. CB and VB), and the great availability on earth makes
TiOz to an interesting material for (photo-)electronic applications.? Besides doping TiO
for shifting the excitation in the visible range, particularly the combination with a second
small band gap semiconductor such as CdSe and PbS, or dyes has been shown to be
promising for an improved utilization of sun light.’® The latter approach is often applied
for the construction of solar cells. Here, TiO2 serves as electrode material for the assembly
of the sensitizer, but is also able to accept eletrons from the sensitizer. In detail, after
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photoexcitation of the sensitizer, excited electrons are injected into the CB of TiO2, which
facilitates the charge carrier separation and allows the exploitation of visible light with a

Ti0O; electrodes.

Besides a wide excitation range the semiconductor should also meet the following
requirements: (1) suitable energetic states for the catalysis of a redox reaction, i.e. more
positive valence band than the redox potential of the donor and more negative conduction
band than the redox potential of the acceptor, (2) strong catalytic activity, (3) high charge
carrier mobility, life time and long diffusion length in order to reduce recombination

processes, (4) sufficient stability, and (5) sustainability and low costs.®

3.1.2 Inorganic semiconductor nanostructures

Nanostructures describe materials with at least one dimension (x-, y-and z-direction) in
the nanometer scale and behave physical different as compared to macroscopic systems.
They can be distinguished by the number of dimensions existing in the nanometer range
in zero-dimensional (0D), one-dimensional (1D) and two-dimensional (2D) materials.
While for 0D nanomaterials all dimensions are in the nanometer range, 1D structures have
two dimensions in the nanometer range and one in the macroscopic range, and 2D
materials provide only one dimension in the nanoscale and two macroscopic dimensions.
Prominent examples for 0D, 1D and 2D nanostructures are nanoparticles such as quantum

dots, nanowires and nanosheets, respectively.

Nanostructuring has strong implications on the properties of the material. Due to the
restriction of the material to the nanometer scale, the amount of atoms exposed to the
solution is drastically increased and thus offers an enlarged surface area for the catalytic
reaction. This implies that despite an identical volume, nanostructured materials can
possess a higher reactivity than their macroscopic counterparts. Furthermore, also the
energetic properties of the material are influenced as a result of nanostructuring. If only
single atoms and molecules are considered in the energetic model, only sharp separated
energy level are formed, which can be occupied with electrons. Continuous bands are
only formed within macroscopic materials due to the dense arrangement of atoms,
resulting in an overlapping of the molecular orbitals. Nanostructures, however, represent
an intermediate state between the molecular and the macroscopic world. Thus, the
continuous bands of the bulk are reduced to discrete energetic levels for materials with at
least one dimension in the nanoscale. This is also accompanied by an increase of the band
gap energy and can be explained by the quantum confinement of charge carriers in
nanoscaled architectures.’! This effect is particularly pronounced in 0D nanostructures
such as quantum dots,™*? but has also been observed in 1D nanostructures such as

nanowires.>>
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3.1.2.1 Quantum dots

Quantum dots (QDs) are 0D nanoparticles with a size of only a few nanometers that have
revolutionized the application of semiconductors in the field of photodetectors, light-

emitting devices and photovoltaics.>*

Monodisperse colloidal QDs are typically
synthesized in solution in the presence of ligands such as trioctylphosphine oxide (TOPO)
and trioctylphosphine (TOP), and organometallic precursors on the basis of a nucleation
process and a diffusion-controlled growth.!> Alternatively, QDs have also been
synthesized via molecular beam epitaxy, lithographic techniques and successive ionic
layer adsorption and reaction (SILAR).>'? Typically, QDs consist of binary compounds
such as CdS, CdSe, CdTe, InP, PbS and PbSe, but also ternary material compositions

such as CdSexSi-x and CdSexTe1x have been reported.'?

The great interest in using QDs can be mainly attributed to the pronounced quantum
confinement effect found in these nanoparticle, which enables the tuning of the optical
and electrical properties by the size and shape of the nanocrystal.>>!? As illustrated in
figure 3, the quantum confinement within QDs is reflected in the absorbance and
fluorescence spectra. A decreasing particle size leads to an enhanced confinement of the
charge carriers and causes a further separation of the conduction and valence band with
the concomitant increase of the band gap.’®3” Thus, the energy needed to generate
electron-hole pairs increases as the particle size decreases and shifts the absorbance to
lower (energy-rich) wavelength. Moreover, the absorbance spectra of the QDs shows one
prominent peak that is attributable to the lowest discrete energy optical transition. After
excitation the life time of electron-hole pairs within QDs is limited to time scales in the
range of several nanoseconds.’®* The discrete energy level within QDs are also
responsible for the formation of an emission spectrum with a rather sharp peak. Similar
to the absorbance spectra also the maximum of the photoluminescence spectra is
influenced by the QD size and shifts to smaller wavelength with decreasing particle
diameter. This allows to tune the photoluminescence properties of QDs by changing their
size and has increased the interest in using QDs as optical label in bioanalytical
applications.'’

The tunable band gap of QDs has also found reasonable attention in studies on
recombination and electron transfer dynamics with other materials.'>* Normally, a
multiexponential decay of the photoluminescence is found for QDs, which demonstrates
that several electron relaxation reactions occur within the nanoparticles. From this data,
time constants can be determined, which help to understand the energy and electron
transfer mechanism within QDs and may enable to predict the efficiency for certain
optoelectronic applications. However, since several parameters affect the properties of
QDs, e.g. composition, size, shape, ligands and surface defects, an exact classification of
influencing parameters remains challenging.** For example, Garrett et al. have found an

increased fluorescence decay with decreasing particle size for CdSe and CdS QDs in the
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range between 2.3 and 6 nm.*° Similar results have been observed in two other studies
showing an extended lifetime with increasing diameter up to a size of 4 nm for CdSe
QDs*! and 3.5 nm for CdS QDs,*? but starts to decrease with further increasing diameter.
In contrast, Nirmal et al. and Hong et al. reported an contrary tendency, i.e. enhanced life
time with reduced QD diameter.*** The comparison of these studies illustrates the
challenges in understanding the fundamental aspects of recombination processes within
QDs. The different observation are probably attributed to the different QD qualities used
for the studies. Furthermore, it is well known that QDs contain many surface disorders
due to their high surface-to-volume ratio.**>#¢ Such disorders can result in surface trap
states that act as nonradiative recombination center and influence the optical and electrical

properties.
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Figure 3. Schematic illustration of the energetic level and the corresponding fluorescence and
absorbance spectra of five CdSe QD batches with different diameters between 1.5 and 4.5 nm.
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Different strategies can be applied in order to passivate the QD surface and to reduce the
formation of surface trap states. For instance stabilizing surface ligands (e.g. TOP and
TOPO), which are usually used during QD synthesis, do not only support the nanoparticle
growth and prevent particle aggregation, but also passivate free surface defects at the
nanoparticle surface. Hartmann et al. have studied the influence of the dilution of surface
ligands on TOP-capped CdSe QDs and found an increased fluorescence quenching rate
after removal of surface ligands, which can be restored after addition of TOP ligands.*’
Another strategy to prevent surface defects is to grow a thin shell of a second
semiconductor onto the QD core. These hybrid nanoparticles are called core-shell QDs.
The most common core-shell QDs combine a large band gap semiconductor shell with a
core material having a smaller band gap e.g. CdSe/ZnS, but also shell materials with a
smaller band gap as compared to the core semiconductor have been reported e.g.
ZnSe/CdSe.*® The shell passivates the core and avoids the formation of free binding sites,

resulting in an enhanced fluorescence.*’

3.1.2.2 Nanowires

Semiconductor nanowires (NWs) are 1 D nanostructures with a diameter in the range of
nanometers and an unconstrained length in the micrometer scale or even longer. NWs are
typically composed of silicon, metal oxides such as TiOz and ZnO, and group III nitrides,
including GaN and AIN. The NW synthesis can either be elaborated in a top-down
approach via lithographic techniques, or in a bottom-up process via vapor-liquid-solid
growth methods or solution-phase synthesis.'® In analogy to QDs, also core-shell NWs
have been synthesized and characterized. An additional covering with a second
semiconductor material allows to control the surface defects, provides chemical

passivation and prevents charge carrier recombination.>

Besides a large surface-to-volume ratio NWs provide an direct electron transfer in
longitudinal direction, which facilitates a more efficient charge transfer than in
nanoparticle films.’! Moreover, the NW arrangement allows for light-trapping and
scattering between the wires extending the traveling distance of the incident light within
this structure and thus allows for more efficient light-harvesting. For instance, Cao et al.
have shown that the capability of silicon to absorb solar radiation is increased by about
25%, if Si-NWs instead of a thin Si-film are applied.*> Here, the absorbance properties of
the NWs strongly depend on the NW diameter and the distance between the structures.

The InGaN NWs used in this thesis have so far been mainly studied in photonic
applications for the construction of light emitting diodes (LEDs),> but also some solar
cell or water splitting approaches have been reported.*>> The strong interest in using
NWs of InGaN for photonic purposes can be explained by potential to tune the band gap
and thus the emission wavelength of the material by adjusting the ration of InN and GaN
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within the NWs. This theoretical allows to emit every wavelength between 3.51 eV?*
(band gap GaN) and 0.69 eV>¢ (band gap InN) with a InxGax.1N alloy.

3.1.3 Organic semiconductors

Besides inorganic semiconductors also organic semiconductors have been investigated
for their (photo-)electronic properties in respect to the construction of organic field effect
transistors, light-emitting diodes and photovoltaic cells. These materials typical have
delocalized m-electron systems, which can absorb light, and create and transport charge
carriers.”’ The fundamental principle of charge carrier generation is based on the
photoexcitation of delocalized m-electrons, which results in - ©* transitions, where the
n-bonding orbital represents the highest occupied molecular orbital (HOMO) and the
antibonding n* orbital is the lowest unoccupied molecular orbital (LUMO). In
comparison to inorganic semiconductors the energetic states within organic
semiconductors can be much more complex to calculate due to the absence of a three-
dimensional crystal lattice, different intramolecular and intermolecular interactions, local
structural disorders, amorphous and crystalline regions, and impurities.’® These aspects
have also strong implications on the charge transfer within organic semiconductors.
While in highly ordered materials delocalized bands are formed, allowing a charge carrier
transport in a band regime, disordering tends to localize the band states.*® Thus, the charge
carrier transport proceed in a hopping regime between the interacting molecules.’
Intermolecular hopping processes are known to reduce the charge carrier mobility and are
expected to limit the charge transport.%®! Therefore, the construction of highly ordered
structures such as found in organic crystals has been the focus of recent studies in order
to facilitate the propagation of charge carries within organic semiconductors.®® So far,
large number of different organic semiconductors have been reported, which can be
divided into two classes according to their molecular weight. (1) Conjugated polycyclic
compounds with a molecular weight below 1 kDa and (2) polyheterocycles with higher
molecular weights.®> Condensed aromatic systems such as anthracene, pentacene and
perylene, metal-organic dyes such as phthalocyanines, porphyrins and ruthenium-
complex containing dyes, heterocyclic oligomers such as oligothiophenes, and fullerenes
belong to the first class of organic semiconductors. The second class is represented by
conjugated polymers such as polythiophenes, polypyrrols and polyanilines.

Among the conjugated polymers, polyanilines (PANI) have attracted considerable
interest due to the high environmental stability, low synthetic cost, and that the optical
and electric properties can be controlled by oxidative doping, and doping with protonic
acids.?!** Polyanilines are composed of alternatingly arranged units, which exist in the
reduced state (benzoid) or in the oxidized state (quioid).%> As illustrated in figure 4, PANI
can exist in three oxidation states: fully reduced leucoemeraldine (LE) where y = 1, half
oxidized emeraldine base (EB) where y = 0.5, and fully oxidized pernigraniline (PG)
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where y = 0. EB is the most useful form of PANI due to its high stability at room
temperature and the ability to become electrical conductive upon doping, while LE and
PG are even after doping poor electrical conductors.?!** The electrical conductive state
of EB is called emeraldine salt (ES). ES arises due to the protonation of the imine sites
and is accompanied with the formation of a polaron, which ensures the charge transport
within the polymer.®® Besides doping with protonic acids, also the intrinsic doping via
introduction of sulfonic acid groups into the PANI have been shown to be feasible.®”-6®
This approach has some advantages over classical doping via acids, since on the one hand,
the water solubility is significantly improved by the negatively charged sulfonic acid
groups, and, on the other hand, conductivity can be provided in neutral and basic
environments,®%%

above 4.7°

Figure 4. Chemical structure of polyaniline with different oxidation states: leucoemeraldine y =1,
emeraldine base y = 0.5, pernigraniline y = 0, according to ref. .

whereas unsubstituted PANI becomes insulating at a pH value

3.1.4 Photosynthetic proteins

Another group of light-converting systems are photosynthetic proteins, which have found
increasing interest during the last years for the construction of biosensors, solar-chemical
producing systems and biophotovoltaic cells. In nature, photosynthetic proteins play a
major role for the conversion of solar radiation in chemicals energy (photosynthesis) and
can be found in plants, algae and photosynthetic bacteria.” While in plants, algae and
cyanobacteria two photoactive proteins, i.e. photosystem 1 (PSI) and photosystem 2
(PSII), represent the light-harvesting components, in anoxygenic bacteria only one
photoactive protein, i.e. bacteria reaction center (BRC), can be found.”! Even if the
structure of these photoactive proteins is different, the general principle of light-
harvesting is the same and includes the light-induced charge carrier generation and the
subsequent charge carrier separation. In detail photons are mainly absorbed by the light-
harvesting complexes consisting of membrane proteins and photosynthetic pigments,
which transfer the gained energy via FRET to the reaction center, where charge carrier
separation takes place.”? Here, small organic dyes such as chlorophyll a (PSI and PSII),
bacteriochlorophyll and carotenoids (BRC) ensure the efficient exploitation of solar
radiation. A peculiarity in comparison to semiconductors is that excited charge carriers
are separated by an intramolecular electron transfer chain via several intrinsic redox

centers, which reduces the unwanted charge carrier recombination.
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PSII is the only known biological molecule, which is able to efficiently oxidize H>O under
illumination and therefore is an extensively studied subject.”> However, the short-lived
stability remains a big issue preventing its application in commercial water splitting
systems. In contrast, PSI and BRC offer no catalytic activity, but serve primarily as an
electron pump to lift electrons to a higher energetic state and deliver subsequent
enzymatic reactions with electrons for the production of high energetic compounds.’
Moreover, the better stability of PSI and BRC makes both photoactive proteins more
promising for the application in light-converting systems than PSII.

3.2 Biohybrid light-converting electrodes for photobiocatalytic
applications

The combination of photoactive materials with biological recognition elements such as
antibodies, DNA, receptors, enzymes and cells has initiated new scientific research fields,
which exploit the advantageous features of light-driven biohybrids in optical assays,
biosensors, and in solar-to-current or solar-to-chemical converting systems.!>16:75:17.76
These approaches are based on the optical, electrochemical and catalytic properties of
photoactive materials.!® The ability of photoactive materials to emit light have found
application in optical assays allowing its use as label in binding assays for the parallel
detection of different biomolecules.® Also electron transfer reactions between photoactive
entities and electrodes can be established, which provides the basis for
photoelectrochemical (PEC) systems. If such a PEC electrode is combined with a
biological recognition element, the light-directed transduction of biological signals in
PEC signals becomes feasible.!® PEC transduction priniciples can be classified into two
strategies, in which the photoactive entity is either used as light-switchable layer on
electrodes or acts as a label for the analysis of recognition events.'® The first strategy is
based on the modulation of the photoelectrochemical signal in the presence of redox
active molecules, allowing the determination of analyte concentrations. If additionally a
recognition elements such as antibodies are attached to the photoactive layer of the PEC
electrode, the analysis of binding events becomes feasible. As a result of target antigen
binding the access of redox molecules to the photoactive layer is restricted and induces a
changed photoelectrochemical signal allowing the label-free detection of binding events.
Also a combination with redox enzymes is feasible, if electrons can be exchanged
between the photoactive layer and the biocatalyst via redox molecules or direct electron
transfer. The second strategy is typically based on a recognition element immobilized to
an electrode and a target analyte, which is labeled with a photoactive entity. Upon
binding, the photoactive entity is in close proximity to the electrode inducing the
formation of a photoelectrochemical signal and thus enables the determination of the
analyte.
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In this chapter the focus is applied to PEC approaches, which combine the light-
converting properties of photoactive entities with the biocatalytic features of enzymes.
Moreover, photoactive materials with intrinsic catalytic activity towards several analytes
will be introduced.

3.2.1 Functional principle and applications of PEC electrodes

PEC systems typically consist of an electrode, which is modified with a photoactive entity
such as inorganic semiconductors, dyes or photoactive biomolecules. If the PEC electrode
is excited with light, different electron transfer processes are activated, which can be
divided in four main reactions: (1) charge carrier generation inside the photoactive
material, (2) charge carrier separation via electron transfer between the light-sensitive
entity and the electrode on the one hand and (3) between the photoactive entity and a
redox active molecule in solution on the other hand, and (4) charge carrier recombination.
For the generation of a photocurrent the separation of charge carriers should be the
dominating processes, while the recombination pathways should be reduced. In figure 5,
the basic principle of PEC electrodes is demonstrated. Under illumination and application
of a positive potential an anodic photocurrent is induced, which is accompanied with an
electron transfer from the conduction band of the photoactive entity to the electrode and
the concomitant oxidation of a donor in solution. The cathodic photocurrent is favored
under application of a negative bias leading to an electron flow from the electrode towards
the excited photoactive material to an acceptor in solution. Besides the potential also the
kind of photoactive material and the PEC electrode set up influences the direction of the
photocurrent. It is crucial to adjust all electron transfer steps within such a signal cascade
to each other in order to design efficient photobiocatalytic systems. Here, the electrode
material, the energetic states within the photoactive material and the redox potential of

the acceptor/donor play a major role ensuring efficient charge carrier transfer.”

A B

Figure 5. Light-initiated electron transfer processes at PEC electrodes, resulting in a generation
of a cathodic (A) or an anodic photocurrent (B) upon illumination according to ref. '¢. The signal
cascade includes: (1) charge carrier generation, (2) electron transfer between the photoactive
entity and the electrode, (3) electron transfer between the photoactive entity and a donor D or
acceptor molecule A in solution, and (4) charge carrier recombination.
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The photocurrent represents a steady-state situation, where all electron transfer processes
are in balance. If all conditions (e.g. potential, light intensity, pH etc.) are constant, the
signal amplitude only depends on the concentration of acceptor and donor species in
solution. This provides the basis for the determination of analytes by following the
photocurrent of PEC electrodes. Therefore, either the catalytic activity for the oxidation
or reduction of the analyte is provided by the photoactive entity itself or by combination
with a catalyst or biocatalyst. Biocatalysts are often used due to their substrate specificity
and high turnover rates. Several strategies have been developed for the transduction of a
biocatalytic signal in a PEC signal, allowing the detection of enzyme inhibitors, phenolic
compounds, sugars and nucleotides, or monitoring the enzyme activity (see chapter
3.2.4).

One advantage of PEC sensors compared to light-insensitive electrochemical systems can
be seen in the separation of the analytical photocurrent signal from the background (dark)
current, which can favor the signal-to-noise ratio and sensitivity.!” Furthermore, light as
trigger provides an additional tool to control electron transfer processes at electrodes
extending the application range of electrochemical detection methods. Since the PEC
signal chain is only switched on at the illuminated area, also multiplex analysis becomes
feasible if different biocatalysts are immobilized spatially separated from each other on a
PEC electrode (figure 6). By photoexcitation of the respective enzyme area with a spatial
focused light beam the respective enzymatic substrates can be read-out individually.'®
Consequently, one PEC electrode could be used to detect several analytes by simply
moving the light beam between the enzyme spots. The applicability of this concept has
been recently demonstrated with a photocathode modified with three different antibodies,
allowing the light-directed read-out of three different tumor markers with a laser.”’

i
it

light source movement

substrate product substrate product

\/

enzyme B

enzyme B

Figure 6. Schematic illustration of multiplex analysis with enzyme-modified PEC electrodes
according to ref. '°. The enzymes are immobilized spatially resolved on the electrode, and are
read-out with a focused light beam, allowing the detection of the analyte.

Besides using light as reaction trigger, the energy gained during illumination can also
improve the performance of biocatalytic electrodes. During photoexcitation high
energetic states are generated, which modulate the potential behavior of the electrode.
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While for light-insensitive electrodes the onset potential of a catalytic current is
theoretically determined by the redox potential of the enzyme, PEC approaches can
overcome this limitation. Here, electrons are not directly transferred between the
electrode and the enzyme, but have to flow over the photoactive entity and thereby are
lifted to higher energetic states under illumination. As schematically shown in figure 7,
this can cause electrons to be subtracted from an oxidase and transferred to an electrode
at more negative potentials. Conversely, PEC electrodes can also favor the electron
transfer to reductases at more positive potentials. Consequently, the overpotential needed
to drive the enzymatic reaction is decreased, which can improve the efficiency of
biocatalytic reactions for the production of high energetic fuels or chemicals. Recently,
first biophotocathodes harboring hydrogenases or carbon monoxide dehydrogenases have
shown to generate H> and CO, respectively, under illumination at a reduced working
potential compared to electrochemical approaches without photoexcitation.’”

Photoelectrochemical Electrochemical

Blophotoanode Bicanode

Potential

+

Reductase

== Potential

Figure 7. Schematic illustration of the electron transfer steps of PEC electrodes in combination
with an enzyme compared to light-insensitive electrochemical electrodes. Biophotoanodes can
promote an electron transfer from the enzyme to the electrode at more negative potentials due to
photoexcitation as compared to the light-insensitive counterparts. In turn, biophotocathodes can
induce an electron transfer from the electrode towards the photoactive entity to the enzyme at
more positive potentials. Consequently, the overpotential needed to exchange electrons with the
enzyme can be reduced with PEC approaches utilizing light energy.

In the future, biocatalytic PEC systems could also find application in biophotovoltaic
devices for the generation of power from light energy combined with the enzymatic
conversion of biomass. Such a PEC biofuel cell consists of an anode and a cathode, of
which at least one electrode is light-sensitive and harbors the photoactive entity. If both
electrodes are connected to each other, a voltage is gained and electrons flow from the
anode to the cathode. This current can be used to power a load in an external circuit.
Biophotanodes have been reported for the conversion of sugars under illumination, using
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NAD-dependent glucose dehydrogenase (GDH) or glucose oxidase.’®* Although the
principle can be successfully shown, these systems often fail in achieving low working
potentials and high photocurrents, or integrating the enzyme functional into the
photoanode. De la Garza et al. have constructed the first PEC biofuel cell by combination
of a dye-sensitized photoanode with GDH in solution and an Hg/Hg>SO4 cathode in a
two-compartment configuration.® Upon addition of glucose and NAD", the enzyme
oxidizes glucose under concomitant reduction of NAD" to NADH. The generated NADH
is subsequently oxidized at light-excited photoanode and electrons flow to the cathode,
completing the circuit. This system achieves a cell voltage of 0.75 V and a current of
60 LA in the presence of glucose and under illumination.®® If such a biophotoanode is
linked to a cathode with an immobilized reductase the enzymatic reaction can be driven

with light and without applying an external potential.3*

Consequently, only sun light and
biofuels are needed to produce chemicals in a self-driven format. In this respect, also
water-splitting photoanodes have been reported for driving cathodes hosting formate
dehydrogenase or flavocytochrome c3 reducing CO:z to format or fumarate to succinate,

respectively.’>-86

However, irrespective of the application, the coupling of photoactive materials with
biocatalysts on electrodes faces many challenges, which include:

(1) Achieving fast electron transfer between the electrode and the photoactive

material

(2) Obtaining an efficient connection between the photoactive entity and the
biocatalyst

(3) Preventing recombination pathways and side reactions
(4) Disturbing reactions with interfering molecules
(5) Stabilization of the photoactive material and the enzyme on the electrode

(6) Avoiding the needs for toxic light-harvesting materials

3.2.2 Strategies for the immobilization of light-sensitive entities

For the construction of biocatalytic PEC electrodes initially the photoactive entity needs
to be attached to an electrode. Several immobilization strategies have been developed
depending on the properties of the light-sensitive element, e.g. material composition and
surface functionalities. Particularly, inorganic semiconductor nanostructures including
QDs consisting of CdS,¥"° CdSe,”! CdTe,”?* CdS/ZnS,” CdSe/ZnS”%8197%8 and AgS,”
and nanoparticle, nanowires and nanoporous films from different materials have found
application in PEC systems.'®"1% Furthermore, semiconductor hybrids, which typically
combine a large band gap semiconductor, e.g. TiO2, SnO, and WO3, with a small band
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gap semiconductor nanoparticle or a dye have been reported for the construction of PEC

80.103.104  Organic semiconductors such as ruthenium complex dyes,

systems.
porphyrins,® phthalocyanins,'® flavins'® and polythiophenes'?” represent another group
of applied photoactive entities. Recently, also photosystem 1 has been integrated into

light-driven biocatalytic systems. 8108109

Semiconductor-based PEC electrodes rely on the synthesis of the nanostructure in a
bottom-up or top-down process. Therefore, the nanostructure can either be directly grown
on the electrode or is synthesized in solution and subsequently immobilized on the
electrode. For instance semiconductor NWs are often directly grown on substrates via
chemical vapor deposition, molecular beam epitaxy processes or hydrothermal
methods.!>!®? Also the growth of QDs on electrodes has been followed by applying

HO-112 ¢ 2 successive ionic layer adsorption and reaction method.!''

electrodeposition
These approaches provide the advantage of a direct contact between the photoactive
material and the electrode without any spacing, avoiding the needs for further
immobilization steps, which improves the reproducibility for the construction of PEC
electrodes. However, the quality of the nanostructure, i.e. size distribution, surface defects
etc., can be an issue, especially if small QDs are synthesized.!!* Therefore, QDs are
mainly synthesized by self-assembly in organic solution in the presence of nonpolar
capping ligands like trioctylphophine oxide.!!® This procedure results in monodisperse
nanoparticle with pronounced optical properties, however, the organic capping ligands
impede the reproducible immobilization to electrode surfaces and reduce the electron
transfer ability with electrodes and enzymes.’*!'®!'” To overcome this limitation a
displacement of the organic ligands with other bifunctional molecules acting as linker
between the QD and the electrode can be beneficial. The ligand exchange of the QDs can
either be performed in solution or the linker molecule is first fixed to the electrode
followed by the attachment of the nanoparticle to the premodified electrode surface via a
partial displacement of the organic ligands.

The linker molecule have to provide at least two functional groups, of which one binds
the QD and the second is attached to the electrode surface. While mainly thiols are applied
for anchoring to the QD surface, the second functional group depends on the electrode
material and the surface modification. Dithiol and dithiane compounds such as 1,6-
hexandithiol, benzenedithiol and stilbenedithiol are often applied for the immobilization
of QDs to gold electrodes.!'®!" Here, the quality of the interfacial dithiol films is
fundamental for the stable fixation of a high amount of QDs on the electrode.'"’
Furthermore, the linker length and composition (aliphatic or aromatic) influences the

electron tunneling rate and the concomitant PEC performance.!!!1¢

Thiols with a carboxyl-head group represent another group of linker molecules, which
have found application for the fixation of QDs to electrodes. Here, the electrostatic

attraction to positively charged surfaces,'?’ covalent binding to amino group-modified

117,121

electrodes® or complex coordination at metal oxide surfaces can be exploited. For
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instance, thioglycolic acid-functionalized CdTe QDs have been covalently coupled via
carbodiimides to ITO electrodes modified with (3-aminopropyl)triethoxysilane, resulting
in the generation of stable photocurrents.”

Dyes can either be extracted from natural sources or are synthesized in solution under
controlled conditions. The latter offers the opportunity to adjust the chemical properties
of the dye to the used electrode material. Dyes with several functional groups can be
synthesized, including e.g. carboxylic acids, sulfonic acids, phosphonic acids, salicylic
acids, pyridines, tetracyanate or catechols, allowing a versatile use of dyes on various
electrode materials.'?? For instance, Tu et al. have coupled an iron-containing porphyrin
with sulfonate functionalities directly to TiO2 nanoparticles supported by the strong
attraction between the sulfonic acid group and the metal oxide surface.!?* In this case the
dyes binding group react with the surface hydroxyl groups of the metal oxide, establishing
areversible binding with high equilibrium binding constants.'** Moreover, the conjugated
n-system of dyes allow for the immobilization to reduced graphene oxide and CNTs via

n-n-stacking interaction.!%>-106

Several immobilization strategies have been reported for the integration of photoactive
proteins. The most approaches exploit the surface exposed charge-bearing amino acids

125 or covalent binding!'?®!? to electrodes. In another approach, the

for the electrostatic
reconstitution of PSI to surface fixed vitamin K acting as molecular wire has been
reported.!?® Moreover, the electrochemical communication between PSI and electrodes
has been established via redox active compounds such as pyrroloquinoline quinone

1

covalently bound to gold surfaces,'?’ redox polymers!®® or the redox protein cyt c.!*°

Although various strategies for the efficient coupling of photoactive entities to electrodes
have been developed, the amount of immobilized photoactive entities is often restricted
to a monolayer limiting the overall photocurrent output. In order to enhance the number
of photoactive entities different concepts have been elaborated, which include the
construction of multilayers, the embedment within redox active matrices and the
construction of 3D electrodes. For instance, it could be shown, that dithiols cannot only
be used for the deposition of a single QD monolayer, but also enable the construction of
multilayer arrangements by alternately incubation in dithiol and QD solutions.'3!"13
These architectures give rise to amplified photocurrents, since electron transfer between
the individual QD layers is found to be feasible and thus also charge carriers from the
outer QD layers can be exchanged with the electrode. Gobel et al. have exploited the
electrostatic attraction between negatively charged QDs and positively charged
polyelectrolytes for the construction of QD multilayers by a layer-by-layer assembly
approach, showing a 5-fold amplification of the photocurrent by comparing an electrode
with five QD/polyelectrolyte bilayer with a monolayer electrode.'*® However, in some
cases electrons cannot be transferred efficiently between the individual photoactive entity
layers, which is why redox active molecules needs to be integrated into the multilayer
arrangements to establish connectivity. Stieger et al. have applied cyt ¢ for the wiring of
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PSI integrated in (PSI:cyt c)/DNA multilayers.!*® Here, cyt ¢ allows for electrode/cyt ¢
electron transfer, intermolecular cyt c¢/cyt ¢ electron self-exchange and cyt ¢/PSI electron
transfer, resulting in a electron transport from the electrode towards the redox protein to
PSTunder generation of a cathodic photocurrent. In another study, PST has been embedded
into a matrix consisting of a redox polymer and crosslinking reagents, ensuring the
efficient communication of a high amount of PSI molecules with the electrode via the

redox-active moieties of the polymer.'**

A further strategy to increase the amount of immobilized photoactive entities and thus to
enhance the PEC performance is directed to the enlargement of the electrode surface area
by the construction of 3D architectures. Often metal oxide nanoparticles are applied,
which are firstly deposited on the electrode and subsequently sintered to compact and
solid nanostructured films. For instance, nanostructured 3D TiO; architectures are widely
used as substrates in solar cell approaches for the integration of high amounts of QDs and
dyes, resulting in high photocurrents and low working potentials."!? Also nanoparticular
ITO electrodes have been exploited in combination with photoactive proteins to enhance
the light-to-current conversion efficiency.'*>!*” Here, special attention has been devoted
to the construction of 3D ITO electrodes with an inverse opal structure. These
architectures have macroscopic pores, which provide a beneficial morphology for the
assembly of PSI and PSII.!10%:136-138

3.2.3 Photoactive materials with catalytic activity

Several studies have demonstrated the potential of photoactive materials for the oxidation
and reduction of molecules. Such photoactive materials can either have an intrinsic
catalytic activity or the activity is introduced by the combination with a second catalytic
component. The direction of the reaction is determined by the electronic states of the
photocatalyst and the redox potential of the molecule, and thus can be adjusted to each
other by e.g. the choice of the photoactive material.

Hydrogen peroxide is an important biological analyte, which has triggered the interest for
the construction of photoelectrochemical systems allowing the detection of this molecule.
While electrodes modified with FePt nanoparticle decorated QDs,'!” gold nanoclusters'*’
and NiO/BiOI'*° have shown a light-directed reduction of hydrogen peroxide, Pt/NiOOH-
modified n-silicon,'*' TiO» nanowires,'> WO; decorated core—shell TiC/C nanofibers'#?
and nanoporous BiVOs films'* have been found to catalyze the hydrogen peroxide
oxidation. For example, Khalid et al. have explored the suitability of CdS QD electrodes
for the photoelectrochemical detection of hydrogen peroxide.!'” However, since these
QDs reveal no photocatalytic activity a further modification with FePt nanoparticles was
found to be necessary to achieve H>O> reduction and to provide sensitivities in the range
between 1 and 30 uM.'"?
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Thiols represent another group of analytes, which have been extensively investigated in
various photoelectrochemical approaches. Pardo-Yissar et al. have reported a
photoelectrochemical sensor allowing the detection of thiocholine via CdS QD-modified
gold electrodes.’” Also the amino acid cysteine has been investigated with various
photoelectrochemical systems, e.g. methylviologen-modified QD electrodes,'*
protoporphyrin IX-functionalized WOs-reduced graphene oxide ITO electrodes!®* and
polythiophene-sensitized TiO: electrodes.!’” For all systems a rather similar detection
range in the lower micro molar range has been evaluated. In another study glutathione
has been analyzed at ITO electrodes modified with porphyrin-functionalized-TiO»
nanoparticles allowing the oxidation in the range between 50 uM and 2.4 mM
glutathione.'>* A further sensitivity improvement has been achieved with graphene-CdS
nanocomposites showing a first signal response at 3 uM glutathione.'** Also carbon dots
have been evaluated for its photocatalytic activity towards the oxidation of glutathione. !4
Here, hybrid materials consisting of carbon dots and mesoporous silca exhibits the best

sensing performance, achieving a lower limit of detection of 6.2 nM. 4

Furthermore, bivalent cations such as Cu?* 147152104 and Hg?* 153134 have been analyzed
with light-driven systems. All systems share a rather similar electrode setup, i.e. CdS,
CdTe or ZnS QDs are attached to an electrode, and the same detection mechanism, which
is based on the formation of metal ion compounds on the QD surface (e.g. CuxS or HgiS).
This results in an insertion of an exciton trapping site and a decrease of the photocurrent.
Interestingly, these approaches are rather selective towards other interfering cations such
as Mg2+, Zl’l2+, B3.2+, Mn2+’ Na't and K+.147’149

Photoelectrochemical electrodes have also been applied for the detection of phenolic

1’155 6

compounds such as p-aminopheno p-phenyldiamine,'*®  4-nitrophenolate,'>’

158159 and dopamine.'®1% These approaches are mainly

amoxicillin,'® hydroquinone
based on the direct oxidation of the phenolic compound and the concomitant generation
of an anodic photocurrent. For example, Khalid et al. have exploited CdS QD-modified
gold electrodes for the oxidation of p-aminophenol in the range between 25 uM and
1.5 mM p-aminophenol.'> Besides CdS QDs several other photoactive materials have
shown photocatalytic activity towards phenolic compounds such as nanostructured
MoS>!% and WOs films,'® TiO> nanotube photonic crystals,'®® TiO> nanostructures

1 162

sensitized with graphene QDs,!'® and iron

164

g-C3Ns decorated graphene sheets,
phthalocyanins.

The enzymatic co-factor NADH is another interesting analyte, which has been analyzed
with various photoelectrochemical systems. Here, a distinction can be made between
systems which are of pure photoelectrochemical origin and oxidize NADH only during

illumination,3-167:81,168

and systems which already show a NADH-dependent current in
the dark that is amplified upon illumination.!¢*-174!12175 For the later systems it is often
not clear whether the photoactive material is actually involved in the NADH oxidation,
which complicates the understanding of electron transfer pathways. Moreover, these
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systems often rely on the application of high overpotentials to ensure the NADH
oxidation.!'>19173 Exclusive light-driven systems have been reported for porphyrin
sensitized SnO; electrodes,® dopamine sensitized TiO; electrodes,'®” and CdSe/ZnS QD-
81 or diaminodicyanoquinodimethane derivative-modified gold electrodes.!®® Besides
using light-driven processes for the oxidation of NADH also the regeneration (i.e.

reduction) of NAD" to NADH has been demonstrated for some photoactive materials.!”®"
179

Photoactive materials have also found application for the enzyme-free detection of
glucose. A broad range of different materials have been reported to oxidize glucose under
illumination such as hydrogenated TiO» nanotubes, '3 NiO-based systems, !*1!32 graphene
CdS QD hybrids, ' cubic Cu0O,'®* C3Ns-modified WO3,'® bismuthoxychloride-graphene

nanosheets, '3 187

gold nanorod sensitized TiO>"®" and Pt nanoparticle-modified ZnO
nanowires.'®® Such light-driven systems achieve high anodic photocurrents and provide
sufficient sensitivities for a potential analysis of glucose in physiological samples.
However, to promote the glucose oxidation often alkaline conditions have to be applied,
which limits the sensor applicability.!®1%0 Also the selectivity towards other sugars e.g.

fructose and lactose remains challenging.'*°

Other photoelectrochemical systems have been reported for the detection of nitrite, "
sulfide,!®> arecoline,'”® hexavalent chromium,!®*!”> nucleotides such as AMP,'
polychlorinated biphenyls,'®” pesticides such as dichlofenthion!*® and chlopyrifos,!*®2%
and antioxidants such as ascorbic acid,?’!29%101:203 caffeic acid,?®* gallic acid®**»*** and

folic acid.?®

3.2.4 Strategies for connecting enzymes to photoactive materials

In recent years, a large number of different approaches have been developed for the
electronic linkage of biocatalysts to photoactive materials. While initial attempts have
concentrated on interaction studies in solution, the transfer of these solution-based
systems to electrodes is more and more in focus. All of these approaches are based on
three fundamental strategies: (1) detection of enzymatic co-substrates or products, (2)
mediator-based electron transfer, and (3) direct electron transfer (DET). The first strategy
relies on the coupling of an enzyme to a photoactive material, which is able to
oxidize/reduce the corresponding enzymatic co-substrate or product. This approach is
often easy to implement, but has also some limitations. Since the co-substrate or products
are freely diffusing in solution the efficient communication between the enzyme and the
photoactive material can be an issue. Also some co-substrates needed for the connection
of the enzyme to the light-sensitive electrode are rather expensive. The second strategy is
based on small redox molecules, which shuttle electrons from the enzyme to the light-
sensitive entity or vice versa. The electron transfer can be achieved similar to the previous

strategy via diffusible molecules or with mediators immobilized between the enzyme and
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the photoactive material. The third strategy describes the direct exchange of electrons
between the electroactive prosthetic group of the enzyme and the photoactive material.
Thus, this approach pass over the needs for mediating molecules. However, DET can be
difficult to achieve due to the random orientation of the enzyme on surfaces and/or too
long electron transfer distances, hindering a fast enzyme/photoactive entity
communication. Therefore, the material and surface modification of the light-sensitive
entity needs to be carefully evaluated and adjusted to the enzyme properties.

3.2.4.1 Communication via enzymatic substrates or products

In three studies acetylcholine esterase has been attached to CdS QD-modified gold

206 or Au-

electrodes,®” CdSe/ZnS QD graphene nanocomposites coated ITO electrodes
doped TiO2 nanotubes!'? for the analysis of enzyme inhibitors. The enzyme catalyzes the
conversion of acetylthiocholine to thiocholine, which is oxidized at the photoanode giving
access to the evaluation of the enzyme activity and thus to the presence of inhibitors such
as endogenous neurotoxins and organophosphorus pesticides.!??% In a very different
approach, the inhibition of acetylcholine esterase has been analyzed via an enzyme-
controlled synthesis of QDs on ITO electrodes.?” Enzymatically generated thiocholine
favors the deposition of CdS QDs in the presence of Cd** and S* ions and thus determines
the photocurrent amplitude.?’” If an inhibitor is added the synthesis of QDs is disturbed
due to the absence of thiocholine and the photocurrent is decreased. In a similar approach
alkaline phosphatase (ALP) has been used for the catalysis of thiophosphate to hydrogen
sulfide, resulting in a growth of CdS QDs in the presence of Cd*" and the formation of a
photoelectrochemical signal.”® Zhao et al. have reported another photoelectrochemical
inhibition assay based on ALP attached to TiO> nanoparticle-modified ITO electrodes.'"!
The principle is based on the enzymatic conversion of ascorbic acid 2-phosphate to
ascorbic acid, which interacts with the TiO; surface and results in an extension of the
visible light excitation range giving access to an amplified photocurrent signal.!’! In
another study, the catalytic activity of CdS QDs towards p-aminphenol for the
combination with ALP is demonstrated to enable the detection of the p-

aminophenylphosphate.'>®

Also glucose oxidase (GOx) has been integrated into several photoelectrochemical
systems for the detection of glucose. One strategy is based on the oxygen sensitivity of
photoactive materials, creating a competitive situation with GOx for oxygen in the
presence of glucose. In a first study GOx has been immobilized onto CdSe/ZnS QD-
modified gold electrodes via crosslinking compounds.’” However, due to the rather small
glucose detection range found, subsequently a layer-by-layer approach with
polyelectrolytes and GOx has been studied enabling a better control of the amount of
deposited enzyme.”” If glucose is added, the oxygen-dependent part of the cathodic
photocurrent starts to decrease allowing detection of glucose in the range between 0.1 and
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5 mM.”” Follow-up studies with CdTe,’? CdS,*® AgS” or PbS* QD-modified
electrodes have also exploited this concept for the combination with GOx and the
detection of glucose reaching similar sensitivities. The universal applicability of this
concept to other oxygen consuming enzymes has been demonstrated for sarcosine oxidase

and the detection of sarcosine.”®

The light-driven reduction of oxygen to reactive oxygen species e.g. superoxide and
hydrogen peroxide has also been coupled to peroxygenases for the hydroxylation of
chemicals.?!%*!1:19 Two studies have applied light-excited CdS QDs?!* or flavins®!! for
the production of reactive oxygen species driving cytochrome P450 peroxygenases
P4508sp for myristic acid hydroxylation in solution. In another approach flavin has been
attached to single-walled carbon nanotubes via n-m-stacking for the construction of a
photoelectrochemical hydrogen peroxide generation platform supplying a heme-thiolate
peroxygenase with hydrogen peroxide for the stereospecific conversion of ethylbenzene
to (R)-1-phenylethanol.!%

Another strategy is based on the photoelectrochemical detection of hydrogen peroxide
produced by GOx. In chapter 3.2.3, various photoactive electrodes for the oxidation and
reduction of hydrogen peroxide have been presented, but only a few have been applied
for the combination with GOx.!9%13%140" For instance, Zhang et al. have followed the
glucose turnover of GOx in solution with gold nanocluster-modified gold electrodes,
giving a concentration-dependent cathodic photocurrent from 0.5 and 4 mM glucose.'*’
Another approach demonstrated the covalent binding of GOx to aminosilane-modified
TiO2 nanowires reaching high anodic glucose-dependent photocurrents and a sufficient
selectivity against common interfering compounds, but provides only a limited

concentration range between 0.1 and 1 mM glucose.'*

NAD-dependent glucose dehydrogenase (GDH) is a further glucose converting enzyme,
which has found application in combination with various NADH-oxidizing
photoanodes,3081.168:109.172.174.112,175 \whijle first approaches have measured the glucose

concentration with GDH and NAD" in solution,?"%!

other approaches have fixed the
enzyme to the electrode via simple adsorption'®® or covalent binding with crosslinking
reagents, 12 16817LITZITALTS Netzoer et al. have even integrated NAD" within a crosslinked
GDH network on top of a photoactive electrode, which provides sensitivities in the higher
molar range up to 300 mM glucose and pass over the needs for the addition of the
expensive co-factor to the solution.!*® However, since the cofactor has to diffuse between
the enzyme and the photoactive material to ensure conductivity also a leakage of NAD"

from this network can be an issue for the system stability.

Furthermore, a photoelectrochemical multi-enzyme assay has been reported on the basis
of NADH-sensitivity of CdS/ZnS QD-modified gold electrodes for the detection of
guanosine monophosphate (GMP).>> Therefore, guanylate kinase, pyruvate kinase and
lactate dehydrogenase have been immobilized onto the electrode in a layer-by-layer
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format with polyelectrolytes. GMP triggers an enzymatic signal cascade resulting finally
in a consumption of NADH, which can be detected by a decline of the anodic
photocurrent.”®

1 mM GMP.

This principle allows the detection of GMP in the range between 0.05 and

Several studies have exploited the photochemical regeneration of NAD" to NADH in
solution for the production of methanol from CO; via the sequential reaction of three
NAD-dependent enzymes, i.e. formate dehydrogenase, formaldehyde dehydrogenase and
alcohol dehydrogenase.!’%177212178.213 This principle has also been applied for the
regeneration of NADPH via the photosensitizer eosin Y supplying cytochrome P450
monooxygenases with reaction equivalents for the hydroxylation of chemicals.!” Further

examples following this approach have been found for the production of formic acid*'*

and glutamate 2!>-216

3.2.4.2 Mediator-based systems

Only a few examples have shown the successful communication between enzymes and
photoactive materials via mediators, and most of them have only been realized in solution.
For example, methylviologen (MV) has been used as surrogate for the enzymatic co-
factor NADH, transferring electrons from CdSe QDs to an old yellow enzyme homologue
YqjM" for the reduction of ketoisophorone.?'® In a similar study two other old yellow
enzymes have been electrically connected to an ruthenium complex-containing dye via
MV in solution.?’ Also flavins such as FMN and FAD have been applied as mediators
for the construction of photobiocatalyic systems in solution with an old yellow enzyme
and a Baeyer-Villiger monooxygenase for the transformation of chemicals.??%?! A
photoelectrochemical approach with a p-type indium phosphide photocathode, a formate
dehydrogenase, and MV in solution has demonstrated a electron transfer from the
electrode to the enzyme via MV allowing the fixation of CO; and the production of

formate.???

Recently, Efrati et al. have reported a new strategy for the connection of enzymatic
reactions to photosystem 1 functionalized electrodes.®* Instead of using free diffusing
mediators a redox polymer has been assembled on top of a PSI-modified electrode,
providing the electronic relay for the subsequently immobilized GOx.** In detail,
electrons are transferred upon addition of glucose from the enzyme towards the redox
polymer to PSI and are finally injected into the electrode under illumination. The system
shows an anodic glucose-dependent response, however, the photocurrent amplitude is
found to be rather modest, which is may be attributed to the short circuit found between
the redox polymer and ITO electrode. The big advantage compared to previous reported

* The family of old yellow enzymes belongs to the NADPH oxidoreductases, which contain a flavin
217
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mediator-based systems can be seen in the functional immobilization of all components,
1.e. the photoactive entity, the enzyme and the mediator, on the electrode.

In a similar approach two different redox polymers have been applied to connect PSI with
the electrode, on the one hand, and to mediate electrons between PSI and a hydrogenase
on the other hand.!®® By applying a potential, electrons are initially transferred from the
electrode towards a osmium complex-containing redox polymer to PSI. Upon
illumination charge carriers are generated within PSI, resulting in the reduction of a
cobaltocene-functionalized redox polymer. Subsequently, the electrons are further
transferred to the hydrogenase, which reduces 2H" to H at a rather high onset potential
of +0.38 V vs. SHE.'*®

3.2.4.3 Direct protein electrochemistry

During the last years, establishing direct protein electrochemistry with photoactive
materials has become a great aim for the fabrication of efficient light-driven biohybrid
systems, passing over the needs for co-substrates and mediators.

First studies have focused on the integration of small heme-containing redox proteins into
photoactive assemblies. Stoll et al. have analyzed the DET of the redox protein
cytochrome c¢ in solution with CdSe/ZnS QDs-modified gold electrodes and found that
the surface properties of the nanoparticle play a crucial role in order to achieve an efficient

electron transfer.”®

Only after exchange of the hydrophobic surface ligands by
mercaptopropionic acid or meracptosuccinic acid a QD-protein communication could be
established.’® The photocurrent amplitude and direction is found to depend on the applied
potential, and the redox state and concentration of cyt c. In a follow-up study, the catalytic
activity of cyt ¢ towards superoxide has been exploited with the QD/cyt ¢ system for the
construction of a light-triggered radical sensor.’! Also nitrate reductase and lactate
dehydrogenase have been coupled to a QD/cyt ¢ system giving access to the light-driven
detection of nitrate and lactate, respectively.®® The principle is based on the ability of cyt ¢
to exchange electrons between the QDs and the enzymes. In this respect cyt ¢ has also
been used to connect PSI to gold'*° and ITO electrodes,'*¢ resulting in a generation of a
cathodic photocurrent. Based on these systems sulfite oxidase (SOx) has been
additionally integrated into PSI/cyt ¢ photocathodes for the construction of a light-driven
sulfite sensor.'” The principle is based on a competitive situation between the electrode
and SOx for supplying PSI with electrons, resulting in a suppression of the cathodic
photocurrents if sulfite is present.!? Recently, it has even been shown that cyt ¢ itself can
trigger a photocurrent under illumination if the heme group is substituted with tin and the
protein is sandwiched between Au and Hg electrodes.”?® This may provide a basis for
future cyt c-based photoelectrochemical sensors that are not dependent on additional
photoactive materials.
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Besides using redox proteins also heme-containing enzymes have been coupled to
photoactive materials via direct protein electrochemistry. For instance, Soares et al. have
exploited photoactivated methylene blue as reducing agent for horseradish peroxidase
(HRP) in solution.??* Also by immobilizing HRP on Pt-doped a-Fe;O; thin film gold
electrodes a light-directed direct electron transfer from the enzyme to the electrode has
been achieved.??

In another report, ITO electrodes modified with polyethylenimine functionalized CdS
QDs have demonstrated direct protein electrochemistry with SOx, showing an amplified
sulfite-dependent current if the electrode is illuminated.®® However, since already in the
dark catalytic currents have been observed, probably a different electron transfer way is

switched on under illumination.

Several groups have also reported on the DET of cytochrome P450 enzymes with
different photoactive materials,?2%9+227:10593.228 however, a clear evaluation of the
mechanism remains difficult due to feasible intermediate reaction pathways with
photoelectrochemical produced reactive oxygen species. One group developed hybrid
P450 BM3 heme domains containing a covalently attached Ru(Il) photosensitizer for the
light-driven hydroxylation of lauric acid in solution.??® Other studies have postulated
direct protein electrochemistry of different P450 enzymes covalently coupled to CdTe
QD-modified electrodes”****?” and dye-sensitized macroporous silica electrodes.!® Even
if the clear reaction pathway is not fully understood, for all approaches metabolized
products could be detected after the light-driven reaction.

Also flavin-based redox centers of enzymes have been used to establish light-triggered
DET. One system has been reported for biohybrid complexes consisting of ferredoxin
NADP-reductase attached to mercaptopropionic acid-modified CdSe QDs in solution.??’
Under illumination electrons are transferred from the QD to the enzyme leading to the
reduction of NADP* to NADPH.?* This light-driven NADPH regeneration system was
further combined with alcohol dehydrogenase for the conversion of aldehydes into
alcohols.?” Another study has shown the photoreduction of enoate reductase via the
photosensitizer rose bengal for the stereoselective hydrogenation of C=C bonds in
solution.”*® Furthermore, an electrode-based system with immobilized CdS QDs has
achieved the DET with formaldehyde dehydrogenase catalyzing the light-driven
formaldehyde oxidation.”®! Tel-Vered et al. have covalently attached GOx to
functionalized gold electrodes and subsequently modified the enzymes with a Ru(Il)
photosensitizer.® If glucose is added to the solution, electrons are transferred from the
enzyme towards the light-excited photosensitizer and subsequently to the electrode,
resulting in a generation of a anodic photocurrent.®? This biohybid photoanode shows a
concentration-dependent signal behavior up to a concentration of 70 mM glucose, but the

photocurrent magnitude is found to be rather modest.®?
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Copper-containing enzymes such as laccases have also been extensively studied for their
ability to transfer electrons with photoactive materials.>**"23® Four studies share a rather
similar concept and have applied ruthenium complex-containing dyes,?3%236.237
porphyrins®** or carbon dots?*® for supplying laccase with electrons triggering the light-
driven oxygen reduction to water in solution. Another approach has reported on the
construction of a biohybrid photocathode by immobilization of laccase on p-type
silicon.?*> However, unfortunately no improvement of the onset potential of the

biocatalytic oxygen reduction could be achieved under illumination.

There are also reports on laccase, which describe the reversal of the biocatalytic reaction,
i.e. the electrooxidation of H,O to molecular oxygen.?3¥?* Tapia et al. have modified
FTO-In,S;3 photoanodes with laccase, which enables the light-induced laccase-catalyzed
oxidation of water.?* The onset potential of this light-directed process is +0.8 V vs. SHE,
which is at least 0.4 V lower than compared to a light-insensitive approach with a laccase-
modified graphite electrode.”?®?*  This demonstrates the advantage of
photoelectrochemical strategies for the reduction of the overpotential of biocatalytic

reactions.

Much attention has also been drawn to the connection of hydrogenases to photoactive
elements due to their interesting ability to produce H». A electrochemical approach with
immobilized enzyme on CdS-modified electrodes have demonstrated DET, showing
pronounced catalytic currents in the dark, which are amplified under illumination.?*
Moreover, a small shift in the onset potential to higher potentials is found for the
biocatalytic H" reduction. In another study, hydrogenases have been integrated into a
TiO>-coated p-Si photocathode, displaying the visible light-driven production of H,.”
Also several approaches with photoactive entities and hydrogenase in solution have been
reported. For example, TiO2 nanoparticles modified with ruthenium-containing dyes or
carbon nitride, where electrons are injected from the photosensitizer into the TiO>
conduction band and subsequently to the enzyme, have been used for supplying the
enzyme with electrons.>*!?** Also the direct electron transfer from photosensitizers such

243 244

as CdS nanorods,>* carbon dots,*** polymeric carbon nitride,”*® eosin Y**® or

photosystem 1247248 to hydrogenases have been shown to be feasible in solution.

Another biophotocathode have been reported for a porous semiconducting NiO electrode
modified with a dye harboring carbon monoxide dehydrogenase for the light-driven
reduction of CO, to CO.”® Here, the onset potential of the CO; reduction is shifted about
0.2 V in the positive direction under illumination in comparison to the reaction in the
dark.”® Furthermore, some approaches with carbon monoxide dehydrogenase in
combination with ruthenium complex-modified TiO, nanoparticles*****® or with CdS

nanocrystals?>! have shown the light-driven CO: conversion in solution.

Recently, also nitrogenase/CdS nanorod biohybrids have shown the ability to supply the
enzyme with electrons under illumination for the conversion of N> into NH3 in solution.?>
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The great number of reports studying the interaction between photoactive entities and
enzymes displays the great interest in combining light-converting properties with
biocatalytic features for sensing, power-supply and the production of chemicals.
However, it can be stated that the full potential of this biohybrid approach has not yet
been fully exploited, as it often still requires high overpotentials to exchange electrons
between the photoactive element and the enzyme. Furthermore, so far many of the
presented approaches operate only successful in solution, so that more work is necessary

for the functional implementation of these systems on electrodes.

3.3 Enzymes

3.3.1 PQQ glucose dehydrogenase

The water-soluble PQQ glucose dehydrogenase (PQQ-GDH) belongs to the group of
quinone-dependent dehydrogenases and is found in the cytoplasm of Acinetobacter
calcoaceticus. The pl is 9.5 and the pH optimum has been determined to be 7.0.232* As
illustrated in figure 8, PQQ-GDH is a dimeric redox enzyme, consisting of two identical
subunits with a molecular weight of about 50 kDa each.?>*> One pyrroloquinoline quinone
(PQQ) and three calcium ions (Ca*") are non-covalently bound to each monomer.?>*5
While two Ca*" ions are located in the dimer interface and are needed for the functional
dimerization, the third Ca®" ion binds to the active site of the enzyme and is required for
the activation of the co-factor.?>® The enzyme catalyzes the oxidation of monosaccharides
such as glucose, allose, as well as disaccharides, such as lactose and maltose to the

corresponding lactones leading to a reduction of PQQ to PQQH,.2*%7

The high activity and oxygen insensitivity makes the enzyme to a promising candidate
for the construction of glucose biosensors and biofuel cells, however, the substrate
specificity and stability can be an issue for a reliable glucose detection.?>® Therefore, great
efforts have been put in protein engineering studies for improving the enzyme stability
and specificity.?>°2%? For instance, it could be shown that mutations in the PQQ binding
pocket can greatly reduce the activity for allose, lactose, and maltose.?®?

The natural electron acceptor of soluble PQQ-GDH is unknown, however several
artificial mediators have shown to undergo electron transfer with the enzyme. Based on
these findings enzyme electrodes have been reported allowing glucose detection if
combined with phenolic and heterocyclic compounds,?**2 PQQ,*’ prussian blue,*s®

269-271

ferrocenes and redox polymers.?’>2’* Also a connection via the redox protein cyt c

to modified gold electrodes is feasible, if PQQ-GDH is in solution or integrated into an
cyt ¢ matrix.?’> Moreover, DET has been shown at various carbon surfaces such as
carboxyl-functionalized single-walled carbon nanotubes,?’®?’” polythiophene-*’® or

polyaniline-modified MWCNTSs,?”?2%2 and carbon cryogel,®* but also PQQ-modified
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gold nanoparticle?®* and semimetallic TiO> nanotubes®®> have demonstrated the potential
for a direct interaction with PQQ-GDH. Polyanilines also convey the direct connection

of the enzyme to gold and ITO electrodes.?¢ 2%

PQQ GDH FAD GDH FDH

we_~n A FAD Hs Heme
H,C’J\f[w S Ho \/ H

Figure 8. Crystal structure of PQQ and FAD-dependent glucose dehydrogenase as well as
schematic visualization of fructose dehydrogenase with subunit I (SI), II (SII) and III (SIII)
according to ref. 256290291~ Additionally, the respective enzymatic cofactors pyrroloquinoline
quinone (PQQ), flavin adenine dinucleotide (FAD) and heme c are illustrated.

3.3.2 FAD-dependent glucose dehydrogenase

FAD-dependent glucose dehydrogenases (FAD-GDH) have been found in fungi, gram-
negative bacteria and some insects, and can be divided according to their origin.>>® All
enzymes contain a flavin adenine dinucleotide (FAD) as catalytic center, but differences
have been found in the structure. For example, bacterial FAD-GDH holds an additional

t,292

multi-heme cytochrome subuni which is not found in fungal enzymes.?*

Fungal FAD-GDH from Aspergillus sp. has been first characterized in 1967,%32%
however, so far only minor scientific informations are available for this enzyme. The
enzyme has a rather narrow substrate spectrum and oxidize glucose with high specificity,
but also 2-deoxy-D-glucose and xylose with significantly reduced activity to the
respective lactone.?”> The selectivity of FAD-GDH for glucose is comparable with that
of glucose oxidase, but much better than that of native PQQ-GDH.?*® Moreover, FAD-

GDH is found to be rather insensitive to oxygen and provide a good thermostability.?*

Fungal FAD-GDH accepts several mediators as electron acceptors such as 2,6-

1,*  B-naphthoquinone,”®* N-methylphenazonium methyl

dichlorophenolindopheno
sulfate,?*7?%8 methylene blue?” and ferricyanide,>*° but DET with electrodes has not been
shown yet. The most reported enzyme electrodes hosting fungal FAD-GDH are
constructed with osmium complex-containing redox polymers acting as wiring agent for

the transfer of electrons to the electrode.??>*%3%! One approach with FAD-GDH and a
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redox polymer integrated into mesoporous carbon electrodes achieved exceptionally high
catalytic currents of 360 mA cm™ in the presence of 500 mM glucose at solution
temperatures of 55 °C and electrode rotation rates of 9000 rpm.*°! This demonstrates the
great potential of FAD-GDH for the generation of power in biofuel cells. However, the
high overpotential of 0.7 V vs. Ag/AgCl needed for the efficient subtraction of electrons
remains an issue limiting the overall performance.*! A reduction of the required potential
have been achieved for quinone based redox polymers®*? and quinone-modified MWCNT
papers,>* reaching maximum currents of 3.3 mA cm™? at 0 V vs. SCE and 5.38 mA cm’
2 at 0.15 V vs. SCE, respectively, without electrode rotation or temperature support.

3.3.3 Fructose dehydrogenase

Fructose dehydrogenase (FDH) form Gluconobacter sp. is a heterotrimeric membrane
associated flavohemo-protein with a molecular weight of about 140 kDa.*’' As
schematically depicted in figure 8, the enzyme consists of three subunits I, II and III with
a molecular weight of 67 kDa, 50.8 kDa and 19.7 kDa, respectively.?”! While subunit I
and II own a covalently bound FAD and 3 heme ¢ moieties, respectively, the function of
subunit III is still unknown.?’' The formal potentials of the three heme ¢ moieties have
been recently determined to be -10 =4, 60 + 8 and 150 + 4 mV (vs. Ag/AgCl, sat. KCl)
at pH 5.3% FDH is highly specific towards the conversion of D-fructose, with a optimum
pH of 4 for the substrate oxidation.””! The fructose conversion proceeds at the FAD
prosthetic group resulting in a reduction to FADH,.’** The electrons are subsequently
transferred via intramolecular electron transfer to the heme ¢ moieties.*** % It is expected
that the electrons are under natural conditions further transferred from one of the heme ¢

sites to the natural electron acceptor ubiquinone.>?”-3%

The enzyme has gained great interest for the construction of biosensors and biofuel cells
due to its ability to show not only mediator-based electron transfer with electrodes, but
also to allow direct protein electrochemistry on various electrode materials. Mediator-
based system have been reported for electrodes modified with benzoquinone,*®
tetrathiafulvalene,’* MWCNTSs with a adsorbed pyrene derivative of naphthoquinone,*%

312315 gsmium redox mediator,*'* redox polymer,*'> and cyt

ferricyanide,*'*3!! ferrocene,
319317 DET studies have demonstrated that the communication between the enzyme and
the electrode is established via the heme ¢ moieties.’*3% A first fructose sensor based
on DET has been reported for FDH immobilized on carbon paste electrodes.*'® Enhanced
catalytic currents have been achieved on 3D carbon electrodes consisting of
MWCNTSs,?%319 ketjen black®?® and carbon cryogel®?! reaching high currents up to
10 mA cm™. Also conductive polymers such as polypyrrole and sulfonated polyanilines
have been used to convey DET with electrodes.**%*?* Besides carbon-based materials also
modified gold electrodes or electrodes modified with gold nanoparticle allow the direct

communication with FDH,304-324-326
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4.1 Connecting quantum dots with enzymes: mediator-based
approaches for the light-directed read-out of glucose and
fructose oxidation’

Authors: M. Riedel, N. Sabir, F. W. Scheller, W. J. Parak and F. Lisdat

Abstract: The combination of the biocatalytic features of enzymes with the unique
physical properties of nanoparticles in a biohybrid system provides a promising approach
for the development of advanced bioelectrocatalytic devices. This study describes the
construction of photoelectrochemical signal chains based on CdSe/ZnS quantum dot
(QD) modified gold electrodes as light switchable elements, and low molecular weight
redox molecules for the combination with different biocatalysts. Photoelectrochemical
and photoluminescence experiments verify that electron transfer can be achieved between
the redox molecules hexacyanoferrate and ferrocene, and the QDs under illumination.
Since for both redox mediators a concentration dependent photocurrent change has been
found, light switchable enzymatic signal chains are built up with fructose dehydrogenase
(FDH) and pyrroloquinoline quinone-dependent glucose dehydrogenase ((PQQ)GDH)
for the detection of sugars. After immobilization of the enzymes at the QD electrode the
biocatalytic oxidation of the substrates can be followed by conversion of the redox
mediator in solution and subsequent detection at the QD electrode. Furthermore,
(PQQ)GDH has been assembled together with ferrocenecarboxylic acid on top of the QD
electrode for the construction of a functional biohybrid architecture, showing that electron
transfer can be realized from the enzyme over the redox mediator to the QDs and
subsequently to the electrode in a completely immobilized fashion. The results obtained
here do not only provide the basis for light-switchable biosensing and bioelectrocatalytic
applications, but may also open the way for self-driven point-of-care systems by
combination with solar cell approaches (power generation at the QD electrode by
enzymatic substrate consumption).

Introduction

During the last decade semiconductor nanoparticles (quantum dots) have gained much
attention due to their unique photophysical properties, such as size-tunable
photoluminescence properties, high fluorescence quantum yield, and stability against

T Published in Nanoscale: M. Riedel, N. Sabir, F. W. Scheller, W. J. Parak and F. Lisdat. Connecting
quantum dots with enzymes: mediator-based approaches for the light-directed read-out of glucose and
fructose oxidation. Nanoscale 2017, 9, 2814-2823. DOI: 10.1039/C7NR00091J. Copyright © Royal
Society of Chemistry 2017.
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degradation and photobleaching.’?’” These superior features of quantum dots (QDs) have
initiated new light-driven research fields such as solar cells,'> optical assays,**®
electrochemiluminescence-based detection schemes,*?’ and photoelectrochemical (PEC)
sensors. 61773330331 A1l approaches rely on an excitation process of the semiconductor
nanoparticle, e.g. by using light of sufficient energy, to transfer electrons from the valence
band (VB) to the conduction band (CB) generating electron—hole pairs. While in solution
often recombination processes of the electron—hole pairs inside the QDs are favored
resulting in the emission of light, by fixation of the QDs to an electrode, electron transfer
reactions can be enforced by applying a potential.!® In such a PEC approach anodic
photocurrents can be observed by electron subtraction from the CB of the QDs towards
the electrode and subsequent oxidation of a donor at the VB of the QDs. In the reverse
case, electrons can be supplied from the electrode via the QDs to an acceptor in solution,
generating a cathodic photocurrent. Here, the direction and magnitude of the photocurrent
depend not only on the potential but also on the concentration of the redox couple in
solution. The use of light as an additional tool to control redox reactions at the electrode
interface makes PEC systems a promising analytical approach with high sensitivity.!’?
Light-triggered detection schemes also open a new way for multiplexing, when different
biochemical recognition elements are immobilized spatially separated on a QD
electrode.!® This enables the individual read-out of analytes by photoexcitation of the
respective QD electrode area with a focused light beam. Furthermore, the feasibility to
combine the detection features of QD electrodes with solar cell approaches may enable

the construction of self-driven sensorial systems for point-of-care diagnostics.**

Many efforts have been dedicated to the construction of PEC systems where the

photocurrent can be manipulated by the presence of redox active molecules,!!®!4+145

enzyme substrates,?!#77%8 DNA ** as well as binding partners of antibodies.>** 3¢ They
display the great interest of using semiconductor nanostructures for light-triggered
detection schemes. Amongst others, the construction of enzyme/nanoparticle hybrid
systems has been followed in order to combine the biocatalytic features of enzymes with
the unique and advantageous physical properties of nanoparticles.**” Most enzymatic
PEC systems are based on the reaction of enzymatic co-substrates or products such as

97,98 119 1 155
3

oxygen, hydrogen peroxide, 4-aminopheno acethylthiocholine,®”  and

nicotinamide adenine dinucleotide (NADH).#!%> Furthermore, by controlling the surface
properties of the QDs, direct electron transfer (DET) with the redox protein cytochrome

c as well as a few enzymes has been achieved, allowing for the detection of superoxide,’!

89

sulfite,”” as well as the production of drugs by P450 enzymes in a light-triggered

fashion.?!® However, DET between enzymes and electrode materials with a high

efficiency remains challenging due to the difficult directional orientation of enzymes.

Hence, mediator-based enzymatic systems with redox mediators such as osmium,>*8

339,340

ferrocene complexes and hexacyanoferrate are still in the focus of research for

biosensing,**! biofuel cells,**> enzyme kinetics,>* and inhibition analysis,*** since they
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have demonstrated the ability to electrically communicate with a great variety of redox
enzymes. Besides using the optical properties of redox mediators in spectral enzymatic
assays, different metal and carbon electrodes can be used for the construction of enzyme

SENSors.

Until now only little attention has been paid to the redox behavior of mediators at
semiconductor surfaces for light-triggered applications. Previously, hexacyanoferrate has
been evaluated for its performance as a redox electrolyte in QD sensitized solar cells for
maximizing solar energy conversion.** Most reports rely on mechanistic studies in
solution to investigate complex energy and electron transfer processes between the redox
species and the QDs by means of photoluminescence modulation.>***% However, until
now the construction of such multistep signal chains on electrodes, in combination with

biocatalysts, has not been shown.

In this study we investigate the light-triggered reaction of the redox molecules,
hexacyanoferrate and ferrocenecarboxylic acid, at CdSe/ZnS quantum dot modified gold
electrodes for light-driven applications. Therefore, we have characterized the
photocurrent response upon addition of the redox species in dependence on the applied
potential and concentration. Here, electron transfer between QDs and redox mediators
has been found to be feasible. Additionally, photoluminescence measurements in solution
demonstrate the strong interaction between the QDs and the redox species by quenching
of QD fluorescence. Subsequently, the established QD—mediator systems have been
combined with the enzymes, PQQ-dependent glucose dehydrogenase and fructose
dehydrogenase, to demonstrate the feasibility of electrically contacted enzyme/QD
biohybrids. This photoelectrochemical principle displays applicability for sensing and for
driving QD electrodes by biocatalytic sugar consumption.

Experimental

Materials. 1,4-Benzeneditiol (BDT), poly(allylaminehydrochloride) (PAA, Mw = 17
500 g mol'), poly(styrenesulfonic acid) (PSS, Mw = 70 000 g mol'), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), [N-(2-
hydroxyethyl)piperazine- N-(2-ethansulfonic acid)] (99.5%; HEPES),
ferrocenecarboxylic acid (Fc-COOH), hexacyanoferrate(Il), hexacyanoferrate(Ill), D-
fructose, D-glucose and fructose dehydrogenase (FDH) from Gluconobacter japonicus
NBRCA3260 are purchased from Sigma-Aldrich (Steinheim, Germany). (PQQ) glucose
dehydrogenase ((PQQ)GDH) (Acinetobacter calcoaceticus) was kindly gifted by Roche
Diagnostics GmbH. CdSe/ZnS nanoparticles (QDs) with trioctylphosphine oxide as

surface ligands were synthesized according to a modified protocol of Dabbousi et al..*

Electrode cleaning. Gold disk electrodes with an electrode surface area of 0.0314 ¢cm?
were firstly mechanically cleaned with abrasive paper (P3000). Subsequently, the
electrodes were electrochemically cleaned by cyclic voltammetry in 1 M NaOH (-0.8 V
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to +0.2 V vs. Ag/AgCl, 1 M KCl, scan rate 0.3 V s') and 0.5 M H2SO4 (-0.2 V to +1.75
V vs. Ag/AgCl, 1 M KCl, scan rate 0.3 V s). Afterwards the cleaned electrodes were
extensively rinsed with deionized water.

Electrode preparation. The freshly cleaned electrodes were incubated in ethanolic
solution with 5 mM 1,4-benzenedithiol. After removing unbound BDT by rinsing with
ethanol, the electrodes were immersed in 10 uM QD solution overnight on a shaker (650
rpm).

Enzyme immobilization. To assemble the fructose dehydrogenase on top of the prepared
QD electrode, PAA was adsorbed onto the electrode by immersing the electrode in
0.2 mg ml' PAA dissolved in HEPES buffer (5 mM, pH 7) for 1 h. Subsequently, the
electrode was incubated with 0.5 mg ml' FDH solution in HEPES buffer (5 mM, pH 7)
for 2 h.

(PQQ)GDH immobilization was achieved by incubation of the QD electrodes within
0.2 mg ml! PSS in HEPES buffer (5 mM, pH 7) for 1 h. Afterwards, the modified QD
electrodes were immersed in 1 mg ml"! (PQQ)GDH solution in HEPES buffer (5 mM,
pH 7) for 2 h.

For the simultaneous assembly of (PQQ)GDH and ferrocenecarboxylic acid, a solution
of both the enzyme (0.5 mg ml') and the redox complex (2.5 mM) was mixed in the
presence of 50 mM EDC and allowed to react for 20 min. Subsequently, the mediator-
modified enzyme was incubated overnight at the QD electrodes.

Impedimetric measurements. FElectrochemical impedance measurements were
performed in the presence of 2 mM hexacyanoferrate(II/III) in 100 mM sodium phosphate
buffer (pH 7) in the dark under the following conditions: 100 kHz—1 Hz frequency range,
5 mV AC amplitude, open circuit potential (OCP).

Photoelectrochemical measurements. Photoelectrochemical experiments were
performed with a potentiostat from CHI (USA, Austin) and a halogen reflector lamp from
Schott (Mainz, Germany) with a light intensity of about 13.9 mW cm™. The
measurements were carried out in a three-electrode arrangement consisting of the QD
working electrode, an Ag/AgCl reference electrode, and a platinum wire as the counter
electrode. Photochronoamperometric experiments were performed at various potentials,
while using an illumination time of 10 s. For wavelength-dependent measurements a
monochromator (Polychrome V, Till Photonics) with a bandwidth of 15 nm was used.
Chopped light voltammetry experiments were carried out in the bias range between -0.4 V
and +0.4 V by applying a scan rate of 5 mV s and an illumination time of 5 s. All
measurements were performed in 100 mM HEPES (pH 7).

Photoluminescence measurements. QDs were dissolved in 1 ml ethanol (1 pM QDs)
and placed in a quartz cuvette. The photoluminescence measurements were performed
with a Cary Eclipse fluorescence spectrophotometer from Varian. QD-mediator
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interactions were recorded during a stepwise addition of redox mediator solution (10 mM)
to the QD solution. For the excitation a wavelength of 420 nm and 380 nm was used in
experiments with hexacyanoferrate(Il) and ferrocenecarboxylic acid, respectively. The
emission spectra were recorded between 450 nm and 650 nm.

Results and discussion

Characterization of QD—mediator interactions. For the experiments, CdSe QDs with
a ZnS shell and tritoctylphosphine oxide (TOPO) as a capping ligand have been
synthesized.”> The ZnS shell improves the photophysical properties of the QDs and
passivates surface defects at the CdSe cores **° The purified CdSe/ZnS QDs possess an
absorption maximum at 535 nm, a fluorescence maximum at 561 nm and a quantum yield
of 1.8% (see Fig. S17). According to the spectral properties the diameter of the QDs is

estimated to be around 2.8 nm.’’

The QDs can be easily linked to 1,4-benzenedithiol-modified gold electrodes via partial
ligand exchange of the nonpolar surface ligand TOPO by the immobilized dithiol.!'"
Here, BDT acts as a linker molecule between the gold electrode and the QDs, which
results in the formation of stable and functional QD layers. The QD electrode construction
has been characterized by electrochemical impedance spectroscopy (EIS) measurements.
A significant increase of the impedance signal can be followed after each modification
step from the bare gold electrode to the BDT-modified electrode and finally to the QD
electrode (see Fig. S37). The results display the changing barrier for the interfacial charge
transfer of the redox couple at the electrode, which can be explained by the enhanced
blocking of the electrode due to BDT and subsequent QD assembly. This indicates the
successful QD electrode construction. It has to be added here that the experiments have
been performed in the dark; i.e. no charge carrier generation in the QDs.
A B
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Fig. 1 (A) Energy level diagram of the used CdSe/ZnS QDs according to Jasieniak et al.**° and
ferrocenecarboxylic acid as well as hexacyanoferrate(Il). (B) Normalized photoluminescence
(PL) spectraofa 1 uM CdSe/ZnS QD solution in the absence and presence of hexacyanoferrate(Il)
or ferrocenecarboxylic acid with a ratio of 1 : 100. For hexacyanoferrate(Il) and ferrocene
carboxylic acid an excitation wavelength of 420 nm and 380 nm, respectively, has been used.
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Comparative SEM measurements have been performed on planar gold chips (as for the
photoelectrochemical studies gold disk electrodes are used). As shown in Fig. 2 the
deposition of QDs can also be verified.

To investigate the photoelectrochemical properties of the QD electrodes, chopped light
voltammetry has been carried out under modulated white light. As depicted in Fig. 3A it
has been found that the magnitude and direction of the photocurrent depend on the applied
potential and shifts at a potential of around +50 mV vs. Ag/AgCl from a cathodic to an
anodic photocurrent, which is in good agreement with other QD-based studies on gold
electrodes.”’”® In contrast, the BDT-modified gold electrodes without QDs show no
photocurrent response. Consequently, the signal can be attributed to the electron transfer
between the gold electrode and the photoexcited immobilized QDs, whereby oxidation
and reduction of the nanoparticles are controlled by the electrode potential. Additionally,
wavelength-dependent measurements verify that the photocurrent follows the absorbance
features of the QDs, which indicates that the nanoparticles retain their characteristic
photophysical properties upon immobilization onto the gold electrode and after the
transfer from the nonpolar solvent into buffer (see Fig. S47).

The QD electrodes have been found to provide good signal stability in the cathodic
direction, which can be attributed to the presence of oxygen as an electron acceptor in
solution.””®3! In comparison, anodic photocurrents show less stability due to the
absence of electron donors, which may even result in a decomposition of the QDs. This
however, can be avoided by changing the electrode polarization or by providing electron
donors for the photoelectrochemical system.

A

100000x 10kV 1mm W 100000x 10KV 1mm

Fig. 2 SEM micrographs of a 1,4-benzenedithiol-modified gold chip electrode before (A) and
after modification with QDs (B). Here, it has to be mentioned that in contrast to the
photoelectrochemical measurements for the SEM experiments planar gold-vaporized electrodes
have been used, which can differ in the surface structure from the gold disk electrodes. Increased
surface roughness can be observed after QD modification, which confirms the attachment of the
nanoparticles to the gold electrode. SEM micrographs were obtained with a Zeiss DSM 982
GEMINI (Germany) scanning electron microscope at an acceleration voltage of 10 kV.

Before we study the photoelectrochemical interaction of the QDs immobilized on gold

electrodes with the redox molecules hexacyanoferrate(Il) and ferrocenecarboxylic acid,
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we have initially evaluated the interaction by quenching studies via photoluminescence
spectroscopy at room temperature. Therefore, we have followed the emission of the QDs
upon addition of the redox mediator. For both redox mediators a decrease of the
fluorescence emission can be observed with increasing concentrations of the respective
compound (Fig. S5). As depicted in Fig. 1B at a QD : mediator ratio of 1 : 100 for
hexacyanoferrate(Il) and ferrocenecarboxylic acid a similar photoluminescence decline
of around 73% is achieved. This quenching behavior can be explained either by electron
or energy transfer. However, energy transfer is energetically not favorable since: (1) the
absorption wavelength range of the redox molecules does not overlap with the emission
of'the QDs (see Fig. S27), and (2) the excitation wavelength was adapted to the absorption
properties of the redox molecules (no absorption at the chosen excitation wavelength) to
avoid joint excitation of the compounds. Consequently, the redox complexes should not
get excited during the measurement and remain in their energetic ground state. Moreover,
no formation of an additional fluorescence peak or changes of the peak shape have been
observed. In contrast, a photoelectrochemical electron transfer from the QDs to a redox
compound or the reverse can be explained by the calculated energetic levels (see Fig. 1A).
For the used QDs the conduction band and the valence band have been determined to be
at-2.055 V and 0.805 V (vs. Ag/AgCl, 1 M KCl), respectively, according to Jasieniak et
al..*>® Thus, the energetic levels of ferrocenecarboxylic acid (0.244 V vs. Ag/AgCl, 1 M
KCI) and hexacyanoferrate (0.2 V vs. Ag/AgCl, 1 M KClI) lie between the CB and VB of
the QDs. Accordingly, both the reduction and the oxidation of the redox complexes at the
QDs could be feasible, depending on the redox state of the molecules.

For ferrocene molecules photoluminescence quenching has been described as an electron
transfer from the ferrocene to the excited QDs, which results in the formation of a

nonluminescent charged QD.347-3%2

A similar behavior can be expected for
hexacyanoferrate(Il), which could also act as an electron donor and inject charge carriers
into the QDs. However, the quenching of hexacyanoferrate(I) at lower mediator
concentrations (ratio 1 : 10) is less efficient than that of ferrocenecarboxylic acid (see Fig.
S57). Since a photoluminescence decrease by effects like displacement of the QD surface
ligands is unlikely, (because of missing coordinating groups of the redox compounds) the
differences of quenching efficiency may also be attributed to different electron transfer
rates at the QDs. The photoluminescence experiments demonstrate that the electron
transfer between the QDs and the redox compounds, hexacyanoferrate(I) and
ferrocenecarboxylic acid, is feasible upon illumination and give the first hint for a feasible

combination with QDs for the construction of enzymatic signal chains on electrodes.

Subsequently, the interaction between CdSe/ZnS QD modified gold electrodes and the
redox molecules has been tested by chopped light voltammetric experiments. As shown
in Fig. 3A, upon addition of 500 uM hexacyanoferrate(Il) a strong increase of the
photocurrent can be found over the entire investigated potential range. Here, the signal

response increases with increasing anodic bias, but occurs even at potentials more
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negative than the redox potential of hexacyanoferrate(Il). The results demonstrate that
hexacyanoferrate(Il) can be oxidized at the photoexcited QDs, and that this reaction is
determined by the position of the energy states within the QDs, allowing reliable
hexacyanoferrate(Il) detection over a larger potential range compared to metal electrodes.
Furthermore, wavelength-dependent measurements verify that the photoelectrochemical
oxidation of hexacyanoferrate(Il) follows the absorbance features of the QDs (see Fig.
S4+).
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Fig. 3 (A) Chopped light voltammetry of a QD electrode in the absence (black curve) and presence
of 500 uM hexacyanoferrate(Il) (red curve). The inset illustrates the photocurrent density change
after addition of 500 uM hexacyanoferrate(Il) at different potentials (100 mM HEPES pH 7; light
pulses of 5 s, scan rate 5 mV s’'; potential vs. Ag/AgCl, 1 M KCI from -0.3 V to +0.4 V).
Photocurrent density response (B) and photocurrent density measurement (C) of a QD electrode
in solutions with different hexacyanoferrate(Il) concentrations (a =0 uM, b =5 uM, ¢ =20 uM,
d=50uM, e =100 uM, f=200 uM, g =3 mM; 100 mM HEPES pH 7; +0.2 V vs. Ag/AgCl, 1 M
KCI). Error bars result from 3 measurements.
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In contrast, the addition of hexacyanoferrate(Ill) (oxidized species) results only in
negligible photocurrent changes over the whole potential range (see ESI Fig. S67).
Consequently, the light-induced electron transfer between hexacyanoferrate(Ill) and the
QD electrode is restricted. Similar results have been found in an electrochemical study of
the redox process at undoped nanodiamond, showing fast oxidation of
hexacyanoferrate(I), but slow reduction of hexacyanoferrate(Ill).>>* The study on
hexacyanoferrate(II/III) demonstrates the necessity of investigating the individual
behavior of redox molecules at semiconductor nanostructures since the behavior cannot

simply be deduced from reactions at metal electrodes.

Subsequently, the photocurrent response of the QD electrode in dependence on the
hexacyanoferrate(Il) concentration has been analyzed (see Fig. 3B). Therefore, we have
chosen a potential of +0.2 V (vs. Ag/AgCl, 1 M KCIl), which provides a high signal out-
put according to the voltammetric experiments. The anodic photocurrent is found to
increase in the range between 1 uM and 1 mM hexacyanoferrate(Il). The detection limit
has been determined to be 1 uM, and the half maximal photocurrent is reached at 71 uM
hexacyanoferrate(Il). Consequently, the QD electrode enables the light-triggered
detection of hexacyanoferrate(Il) and is therefore promising for the combination with
hexacyanoferrate reducing enzymes. It has to be emphasized here that a saturation-type
of concentration dependence has been found, which is different from metal electrodes for
the substance in this concentration range. This shows that the kinetics of electron transfer
processes at the QD surface (QD — electrode and QD — mediator) are limiting the current

flow. Such tendencies have also been found for other species.?!*®

The interaction between QD electrodes and ferrocenecarboxylic acid has also been
analyzed in dependence on the applied potential. The measurement in the absence and
presence of 100 uM ferrocenecarboxylic acid is shown in Fig. 4A. Here, an enhancement
of the cathodic photocurrent has been found up to potentials of +0.2 V (vs. Ag/AgCl,
1 M KCl), whereby higher potentials result in rising anodic photocurrents. The results
indicate that ferrocenecarboxylic acid occurs in solution as reduced and oxidized species,
and thus can be both reduced and oxidized at the illuminated QDs. Since the turning point
from the anodic to the cathodic current lies close to the redox potential of
ferrocenecarboxylic acid (0.244 V vs. Ag/AgCl, 1 M KCl), there is no gain in lowering
the potential for the photoelectrochemical detection as has been observed for
hexacyanoferrate(Il). Wavelength-dependent measurements show that the photocurrent
response still correlates with the optical properties of the nanoparticles (see ESI Fig. S7+).

To further characterize the ferrocenecarboxylic acid detection by QD electrodes the effect
of the mediator concentration has been investigated. Increasing photocurrents have been
observed in the range between 1 uM and 1 mM ferrocenecarboxylic acid with a detection
limit of 1 pM.
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Fig. 4 (A) Chopped light voltammetry of a QD electrode in the absence (black curve) and presence
of 100 uM ferrocenecarboxylic acid (red curve). The inset illustrates the photocurrent density
change after addition of 100 uM ferrocenecarboxylic acid at different potentials (100 mM HEPES
pH 7; light pulses of 5 s, scan rate 5 mV s'; potential vs. Ag/AgCl, 1 M KCl from -0.4 V to
+0.4 V). Photocurrent density response (B) and photocurrent density measurement (C) of a QD
electrode in solutions with different ferrocenecarboxylic acid concentrations (a=0 uM, b=15 uM,
c=20uM,d=110 uM, e =510 uM, f=1 mM, g= 1.5 mM; 100 mM HEPES pH 7; -0.1 V vs.
Ag/AgCl, 1 M KCI). Error bars result from 3 measurements.

Although the redox potentials of ferrocenecarboxylic acid and hexacyanoferrate(I1/11T)
are similar (see Fig. 1A), a different photoelectrochemical behavior at the QD electrode
has been found for both mediators. The photocurrent experiments have been supported
by photovoltage measurements in the absence of any applied driving force (see ESI Fig.
S8F). By addition of increasing concentrations of ferrocenecarboxylic acid the
photovoltage is enhanced compared to pure buffer pointing to a preferred cathodic
reaction (from +25 mV to +47 mV (100 pM)). In comparison, the addition of
hexacyanoferrate(Il) results in a complete reversion of the photovoltage to -116 mV
(100 uM). Consequently, for both redox mediators different charge transfer directions are
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preferred at the QD electrode. Furthermore, larger photovoltage changes have been found
for hexacyanoferrate( II). This suggests different mechanisms of charge transfer between
the excited QDs and ferrocenecarboxylic acid and hexacyanoferrate(Il) in terms of
electron transfer rates for the oxidation and reduction process. However, further work is
needed to better understand the kinetic limitations of charge transfer reactions of redox
molecules at QD electrodes.

Mediator-based photoelectrochemical signal chains with immobilized enzymes. To
evaluate the concept of using small redox molecules in combination with enzymes for the
construction of light switchable signal chains on QD electrodes, firstly fructose
dehydrogenase (FDH) has been coupled with hexacyanoferrate to verify that the
photocurrent can be manipulated by the presence of the substrate fructose. We have
chosen FDH since this enzyme has already shown to react well with hexacyanoferrate.?*!
FDH is a hemoflavo-protein which consists of three subunits, containing one flavin-
adenine-dinucleotide and 3 heme c as prosthetic groups, and catalyzes the oxidation of
D-fructose to 5-keto-D-fructose. The principle of the photoelectrochemical signal chain
to be established is illustrated in Scheme 1. Upon substrate addition FDH catalyzes the
oxidation of fructose and transfers electrons to hexacyanoferrate(Ill) to form
hexacyanoferrate(Il). The reduced mediator can be oxidized at the excited QDs and can

result in a photocurrent change.
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Scheme 1 Schematic illustration of the sensing principle of the QD electrode in combination with
the redox system hexacyanoferrate(Il/I1I) and the enzyme fructose dehydrogenase. Upon addition
of fructose hexacyanoferrate(Ill) is reduced to hexacyanoferrate(Il) by FDH, which can be
subsequently oxidized at the excited QDs and can result in a change of the photocurrent.

For enzyme immobilization a polyelectrolyte interlayer on the QD electrode has been
applied. Polyallylamine has been used, since FDH is an acidic enzyme with a pl of 5.0.
Consequently, at pH 7 the electrostatic attraction between the positively charged PAA
and the negatively charged enzyme facilitates the binding to the QD electrode according
to the principle of the layer-by-layer deposition approach. Chopped light voltammetry
experiments of the prepared QD electrode in the presence of 100 pM hexacyanoferrate(Il)
with 50 mM fructose show an enhancement of the anodic photocurrent over the whole
potential range (see Fig. 5SA). The signal increases with increasing anodic bias, similar to
the experiments with hexacyanoferrate(Il) alone. The measurement also indicates that
after photooxidation of hexacyanoferrate(Il) at the illuminated QDs the produced
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hexacyanoferrate(IIl) is reduced back to hexacyanoferrate(Il) by enzymatic conversion,
which results in an amplification of the anodic photocurrent with a factor of around 1.6
at 0 mV (vs. Ag/AgCl, 1 M KCl). Furthermore, this proves that the FDH enzyme retains
its catalytic activity after immobilization at the PAA-modified QD electrode. In contrast,
control experiments without enzymes or redox mediators show no photocurrent changes
upon addition of fructose.
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Fig. 5 (A) Chopped light voltammetry of a polyallylamine modified QD electrode with
immobilized fructose dehydrogenase in the presence of 100 uM hexacyanoferrate(Il) (black
curve) and after addition of 50 mM fructose (red curve). The inset displays the potential
dependence of the photocurrent density change in the presence of 100 uM hexacyanoferrate(1l)
and after addition of 50 mM fructose (100 mM HEPES; light pulses of 5 s, scan rate 5 mV s’;
potential vs. Ag/AgCl, 1 M KCI from -0.3 V to +0.4 V) Photocurrent density response (B) and
measurement (C) of a polyallylamine modified QD electrode with immobilized fructose
dehydrogenase in solutions with 500 pM hexacyanoferrate(Ill) and successive addition of
fructose (a =0 uM, b =50 uM, ¢ =200 uM, d = 500 uM, e =2 mM, f= 10 mM, g = 50 mM;
100 mM HEPES pH 7; +0.2 V vs. Ag/AgCl, 1 M KCl). Error bars result from 3 measurements.
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To further investigate the sensitivity of the system towards fructose, amperometric
measurements have been performed in the presence of 500 uM hexacyanoferrate(III) at a
potential of +0.2 V (vs. Ag/AgCl, 1 M KCl) by successively increasing the substrate
concentration. A first signal response is found after addition of 50 uM fructose and
enhances up to a concentration of 20 mM. The apparent Michaelis—Menten constant,
Kwm,app, 1S determined to be around 0.74 mM. It has to be mentioned here that these
experiments have been performed at neutral pH in order to exclude pH effects and thus
the apparent Michaelis—Menten constant, Kwapp, is smaller than the reported Km values
under acid conditions (Km = 10 mM).?°! Furthermore, the concentration dependent
photocurrent of hexacyanoferrate(Il) shows a saturation type behaviour, which also limits
the detection range of fructose.

The photoelectrochemical signal chain possesses similar sensitivity to other
electrochemical systems with FDH, which are based on mediated or direct electron
transfer,’!” but however enables fructose detection at much more negative potentials due
to the properties of the QD electrode. Furthermore, the results demonstrate that the
combination of a QD electrode with an enzymatic system can be beneficial to increase
the power out-put (photocurrent) by biocatalytic consumption of substrates. In such a
system substrate oxidation is realized by the enzyme and electrons are supplied by the
enzyme via the mediator to the QDs (see Scheme 1). Subsequently, the QDs inject high
energetic electrons into the electrode, resulting in an enhanced photoelectrochemical
performance. Even if the photocurrents are currently modest this principle offers an
alternative approach for the design of future photobiocatalytic solar cells, which are
driven by fuels (enzymatic substrates) and may pass over the needs of environmentally

dangerous electron donors.

Similar to the before described photoelectrochemical enzymatic signal chain,
ferrocenecarboxylic acid has been combined with the enzyme (PQQ)GDH. This enzyme
catalyzes the oxidation of glucose to gluconolactone and reduces ferrocenecarboxylic
acid. For enzyme immobilization firstly polystyrene sulfonic acid has been assembled on
top of the QD electrode, since this negatively charged polyelectrolyte is well known to
allow electrostatic immobilization of (PQQ)GDH (pl 9.5) at pH 7 applying again the
layer-by-layer method.** After enzyme attachment to the QD electrode the system is
characterized by chopped light voltammetry. As illustrated in Fig. 6A, the photocurrent
changes after addition of 1 mM glucose to a ferrocenecarboxylic acid containing solution.
In detail, the cathodic photocurrent at negative potentials decreases in the presence of the
substrate, and the potential of the turning point from a cathodic to an anodic photocurrent
is shifted by about -0.1 V. Both effects can be attributed to the reduction of Fc-COOH+
by the enzyme, which changes the composition of the reduced/ oxidized mediator in front
of the electrode and thus influences the photocurrent behavior.

In the absence of the enzyme or the redox mediator no signal changes have been found
after addition of glucose. This proves that the photocurrent response is attributed to the
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enzymatic conversion of ferrocenecarboxylic acid and subsequent detection at the QD
electrode.
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Fig. 6 (A) Chopped light voltammetry of a polystyrene sulfonic acid modified QD electrode with
immobilized (PQQ) glucose dehydrogenase in the presence of 100 uM ferrocenecarboxylic acid
(black curve) and after addition of 1 mM glucose (red curve). The inset displays the potential
dependence of the photocurrent density change in the presence of 100 pM ferrocenecarboxylic
acid before and after addition of 1 mM glucose (100 mM HEPES; light pulses of 5 s, scan rate
5 mV s’'; potential vs. Ag/AgCl, 1 M KCI from -0.4 V to +0.2 V). Photocurrent density response
(B) and photocurrent density measurements (C) of a polystyrene sulfonic acid modified QD
electrode with immobilized (PQQ)GDH with 500 uM ferrocenecarboxylic acid in solution and
successive addition of glucose (a =0 uM, b=5uM, c=10 uM, d=20 uM, e =30 uM, £=50 uM,
g =100 pM; 100 mM HEPES pH 7; +0.1 V vs. Ag/AgCl, 1 M KCl). Error bars result from 3
measurements.

Concentration dependent measurements of the developed system with glucose in the
presence of 500 uM ferrocenecarboxylic acid at +0.1 V (vs. Ag/AgCl, 1 M KCI) have
shown the first signal responses in 5 uM glucose solution (see Fig. 6B). Increasing anodic
photocurrents are found up to substrate concentrations of 100 uM and the K app has been
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calculated to be around 28 puM. Since this value is smaller compared to experiments
performed in solution®> or on electrodes,?’®?% the whole charge transfer chain is
probably limited by the rate of enzyme—mediator or mediator—QD electron transfer. A
similar behavior has been observed by using cytochrome c as an electron shuttling
molecule between (PQQ)GDH and a non-light triggered electrode.?’”> However, even if
only a small concentration dependent dynamic range can be provided, the construction of
a light-controlled signal chain can be shown to be feasible with ferrocenecarboxylic acid
and (PQQ)GDH.

Both enzyme-based approaches demonstrate the potential of using mediator-based signal
chains for the light-triggered conversion of sugars at QD electrodes. The photocurrent is
enhanced and can be used for detection or for power generation. On the basis of these
experiments, the construction of functional photoelectrochemical biohybrid architectures
is attempted by immobilization of both the enzyme and the redox mediator on top of the
QDs.

Photoelectrochemical biohybrid architecture based on immobilized small redox
molecules and enzymes. Based on the previous results we have tested whether the
enzyme and the redox mediator can be immobilized together on top of the QD electrode
for the construction of functional light-switchable biohybrid architectures. We have used
(PQQ)GDH and ferrocenecarboxylic acid, since the carboxylic acid group of the mediator
allows for simple coupling to functional groups via chemical reagents. Therefore, firstly
(PQQ)GDH has been modified with ferrocenecarboxylic acid by EDC activation.>>® This
has been performed in order to fix many ferrocene molecules around the enzyme and near
the catalytic center, to allow for multistep electron transfer also between the ferrocene
moieties and finally between ferrocene and the QD electrode.**” The ferrocene-modified
enzyme has been directly immobilized on the QD electrode. Here, we intend to exploit
the nonpolar interaction between ferrocene moieties and the hydrophobic ligands at the
QDs. The schematic electrode construction is depicted in Fig. 7A.

Subsequently, the signal response of the prepared QD electrode upon addition of glucose
without adding a redox mediator into solution has been analyzed. As illustrated in Fig. 7B,
changing photocurrents can be observed between 10 uM and 500 uM glucose. Since
control experiments without the enzyme or Fc-COOH bound to the enzyme do not show
a signal response, it can be confirmed that the assembly of both (PQQ)GDH and Fc-
COOH results in a functional system showing glucose-dependent signals. In detail,
electrons are transferred after substrate oxidation from the catalytic group of (PQQ)GDH
to the bound Fc-COOH on the enzyme surface, and subsequently to the excited QDs. The
results demonstrate that the enzyme remains stable even after chemical modification with
Fc-COOH and immobilization to the nonpolar QD surface.

In order to address aspects of potential applications in sensing first investigations
concerning the selectivity have been performed with diluted solutions of N-acetyl-4-
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aminophenol, urea, glycine and fructose (see ESI Fig. S97). For all these molecules only
a negligible signal response has been found.

In comparison to the experiments with bound (PQQ)GDH and ferrocenecarboxylic acid
in solution, the photocurrent change is smaller with the immobilized system, but the
dynamic range for the detection of glucose is a little larger. This can be probably
attributed to the different enzyme immobilization procedures of both approaches.
Furthermore, it cannot be excluded at this point that some enzymes are not connected to
the electrode after modification with ferrocenecarboxylic acid.
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Fig. 7 (A) Schematic principle of the photoelectrochemical biohybrid architecture based on
ferrocenecarboxylic acid modified (PQQ)GDH immobilized on QD electrodes. (B) Photocurrent
density change of QD electrodes with immobilized (PQQ)GDH and ferrocenecarboxylic acid and

successive addition of glucose (100 mM HEPES pH 7; +0.1 V vs. Ag/ AgCl, 1 M KCl). Error
bars result from 3 measurements.

However, light-controlled and glucose-dependent signal chains can be shown in a
completely immobilized state of the enzyme and redox mediator on the QD electrodes,
which passes over the need for the addition of redox molecules into solution. The fact
that in this work mediated electron transfer chains with small redox molecules and
enzymes could be established at QD electrodes can be considered as the first example of
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biohybrid QD systems where communication is not based anymore on the analysis of
natural co-substrates of the enzyme. This may pave the way not only for the connection
of QDs with a large number of enzymes by using redox mediators for light-controlled
detection schemes, but also for potential light-induced production of biochemicals. In
addition, a spatially resolved immobilization of different enzyme/mediator systems in
combination with a localized read-out by means of a light beam seems to be feasible and
would allow the detection of different analytes in parallel.

Conclusions

In summary, this work has shown a new concept to connect redox enzymes with quantum
dots by means of small redox molecules for the development of photobioelectrocatalytic
systems. Here, the photocurrent generation of a QD electrode has been efficiently
combined with the redox mediators hexacyanoferrate and ferrocenecarboxylic acid
enabling concentration dependent determination of both compounds. While for
hexacyanoferrate only oxidation can be observed by enhancing photocurrents, for
ferrocenecarboxylic acid both oxidation and reduction at the QD electrode are feasible.
Furthermore, photoluminescence experiments in solution indicate a strong interaction
between the QDs and the redox mediators. Based on these findings light-triggered
biocatalytic signal chains have been constructed on QD electrodes by immobilization of
fructose dehydrogenase and (PQQ) glucose dehydrogenase. It can be shown that
concentration-dependent photocurrents are detected in the presence of the redox mediator
and by addition of the substrate. Consequently, due to enzymatic substrate conversion the
redox mediator is reduced and can afterwards be oxidized at the light-excited QDs,
resulting in an enhanced photocurrent out-put. Finally, it is also shown that by covalent
coupling of ferrocenecarboxylic acid to (PQQ)GDH a procedure has been found to
assemble the whole system on top of a QD electrode for driving the photoelectrochemical
reaction via glucose consumption. Consequently, the biohybrid approach introduced here
allows for light-triggered sugar oxidations, which can be beneficial for sensing
applications and power generation in a photobioelectrochemical solar cell format. This
principle may also pave the way for the connection of other redox enzymes with
semiconductor nanoparticles by the use of small redox molecules.
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4.2 InGaN/GaN nanowires as a new platform for
photoelectrochemical sensors — detection of NADH*

Authors: M. Riedel, S. Holzel, P. Hille, J. Schormann, M. Eickhoff, F. Lisdat

Abstract: InGaN/GaN nanowire heterostructures are presented as nanophotonic probes
for the light-triggered photoelectrochemical detection of NADH. We demonstrate that
photogenerated electron-hole pairs give rise to a stable anodic photocurrent whose
potential- and pH-dependences exhibit broad applicability. In addition, the simultaneous
measurement of the photoluminescence provides an additional tool for the analysis and
evaluation of light-triggered reaction processes at the nanostructured interface.
InGaN/GaN nanowire ensembles can be excited over a wide wavelength range, which
avoids interferences of the photoelectrochemical response by absorption properties of the
compounds to be analyzed by adjusting the excitation wavelength. The photocurrent of
the nanostructures shows an NADH-dependent magnitude. The anodic current increases
with rising analyte concentration in a range from 5 M to 10 mM, at a comparatively low
potential of 0 mV vs. Ag/ AgCl. Here, the InGaN/GaN nanowires reach high sensitivities
ofup to 91 uA mM! cm™ (in the linear range) and provide a good reusability for repetitive
NADH detection. These results demonstrate the potential of InGaN/GaN nanowire
heterostructures for the defined conversion of this analyte paving the way for the
realization of light-switchable sensors for the analyte or biosensors by combination with
NADH producing enzymes.

Introduction

Semiconductor nanostructures are core components in many light-driven applications

U4 water splitting systems,'*  optical  assays,*?®

such as solar cells,
electrochemiluminescence-based detection schemes,**® light addressable potentiometric
sensors*>® and photoelectrochemical (PEC) sensor systems.!%!7> The latter applications
are mainly based on semiconductor nanoparticles (quantum dots) and provide high
sensitivity with light-triggered read-out. Until now only a small number of semiconductor
materials, such as CdS,?3815511989 C4Se 219 CdTe,** CdS/ZnS,”> CdSe/ZnS,307%
PbS** and TiO2'°"1%7 has been used for the fabrication of PEC sensors, thus
demonstrating the need for improved synthesis protocols but also for a better
understanding of the physical parameters that determine their photoelectrochemical
characteristics. Operation is based on light-induced charge carrier separation, enabling
electron transfer from a donor molecule via the QDs towards the electrode or in opposite
direction from the electrode via QDs to an acceptor molecule.

i Published in Biosensors and Bioelectronics: M. Riedel, S. Holzel, P. Hille, J. Schérmann, M. Eickhoff,
F. Lisdat. InGaN/GaN nanowires as a new platform for photoelectrochemical sensors — detection of NADH.
Biosens. Bioelectron. 2017, 94,298-304. DOI: 10.1016/1.bi0s.2017.03.022. Copyright © ELSEVIER 2017.
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First bioanalytical applications of PEC systems concentrate on the determination of small
molecules, which occur as product or cofactor in enzymatic reactions, thus enabling the
construction of enzymatic signal chains. They are based on the detection of e.g.

97,98 155 acethylthiocholine,}” dopamine!®!

oxygen, hydrogen peroxide,'!® 4-aminophenol,
and nicotinamide adenine dinucleotide (NADH). Furthermore, first mediator-based
approaches have been developed to connect enzymes with QDs for the detection of
sugars*®’. Direct electrochemistry with few redox proteins and enzymes has also been
established, providing the base to build up sensor systems for O2~,°! sulfite, * lactate and

8

nitrate detection,® as well as for light-driven drug conversion by P450 enzymes.**

Despite many reports in literature, the QD-based approaches still possess problems due

361,362 and due to the strong influence

to particle aggregation during electrode preparation
of particle immobilization on the electrode performance, including the ill-understood
effect of surface ligands on the PEC-behavior.!!”2% Therefore the synthesis of
semiconductor nanostructures under defined conditions by means of bottom-up

364,365

approaches such as physical and chemical vapor deposition, chemical bath

111

deposition®®® and electrodeposition!!'! could be beneficial to overcome such problems and

result in PEC sensorial systems of improved performance.

Sensors for NADH detection have gained much attention, since the molecule is of
biochemical and medical interest.*S” NADH shows slow electron transfer kinetics at
untreated electrodes, resulting in the necessity to apply high overpotentials during
sensing.’®” Also, surface fouling by accumulation of adducts during NADH oxidation has
been observed.*®® To overcome these problems several approaches have been followed

369-372

by electrode modifications with e.g. redox mediators and nanomaterials such as

3 gold nanoparticles’™ and nanoporous Ti0,.!*” QD-modified

carbon nanotubes,’’
electrodes have demonstrated the advantages of PEC-based NADH oxidation, since high

potentials can be circumvented and multiplexing becomes feasible.?!

The group III-Nitride (III-N) materials have been demonstrated to exhibit excellent
material properties with respect to applications in electrochemical sensors. In particular

375 33376 of the related surfaces have

the high pH-sensitivity’’”> and electrochemical stability
been employed in different field-effect based biochemical sensors.?”>377378 Recently, we
have combined these specific material properties with the photoluminescence
characteristics of III-N nanostructures to realize nanophotonic probes for pH detection or
for probing the charge state of biomembranes grafted on InGaN/GaN structures by
changes in the photoluminescence properties.’’* 8! Particularly InGaN/GaN nanowires
(NW) with a large contact area with the surrounding analyte and which can be excited by
visible light, present a promising approach for the realization of PEC sensor systems that

has not been explored by now.

In this study, we show the light-triggered detection of NADH at low potential employing
InGaN/GaN NW ensembles. First, we characterize the basic photocurrent behavior of the
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NWs in terms of wavelength, potential and pH dependence. Furthermore, the different
parts of the NW heterostructures are analyzed with respect to NADH oxidation enabling
clarification of the influence of the indium insertion on the photoelectrocatalytic activity.
In consequence, the suitability of these semiconductor nanostructures for defined
photocurrent measurements, analyzing the solution composition, is demonstrated. We
intend this study to establish a novel platform for light directed sensing which is able to

combine advantages of photoluminescence and photoelectrochemistry.

Experimental Section

Reagents. 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, 99,5%), B-
Nicotinamide adenine dinucleotide reduced (NADH, 97%) for trace analysis are
purchased from Sigma-Aldrich (Steinheim, Germany). B-Nicotinamide adenine
dinucleotide oxidized (NAD", 98%) has been obtained from SERVA Electrophoresis
GmbH (Heidelberg, Germany). The NAD/NADH-Glo Assay has been purchased from

Promega. All solutions are prepared with ultrapure water.

Instruments. Photoelectrochemical measurements are performed with an integrated
photoelectrochemical workstation from Zahner (CIMPS) consisting of a potentiostat
(Zennium) for the electrochemical control and a second potentiostat (PP211) for
controlling the light source. For illumination, a light source with a peak at 449 nm (half
width 13 nm) or a monochromator for the investigation of the wavelength-dependence
are used. All experiments are performed in a homemade electrochemical cell with a three-
electrode arrangement using an Ag/ AgCl, 1 M KCI reference electrode, a platinum
counter electrode and the investigated sample as working electrode.
Photochronoamperometric measurements are carried out at different potentials (vs.
Ag/AgCl, 1 M KCl) with an illumination time of 10 s and magnetic stirring. For chopped
light voltammetry measurements a potential range from -500 mV to +500 mV vs.
Ag/AgCl, 1 M KCI with a scan rate of 5mV s and an illumination time of 5 s is
investigated. Electrochemical impedance spectroscopy measurements are carried out at
0 mV vs. Ag/AgCl, 1 M KCI by applying an AC amplitude of 10 mV in the frequency
range between 0.1 Hz and 10 kHz in the dark or under illumination (10 mW cm?). The
simultaneous photocurrent and photoluminescence measurements are performed in a
three-electrode setup with the NWs samples operated as working electrode, an Ag/AgCl
(3 M KCl) reference electrode and a platinum counter electrode. Here, the potential of the
NW substrate with respect to the electrolyte was controlled via a potentiostat in

combination with an external voltage source.

Photoluminescence measurements of InGaN/GaN NW heterostructures are carried out
using a laser diode with a wavelength of 405 nm for excitation. The photoluminescence
is measured in reflexion and the signal is focused on a USB-CCD-spectrometer (3648 px
CCD). The photoluminescence measurements of GaN-NWs (basic electrode without

Indium) are performed in a PL microscope setup using a HeCd laser at A=325 nm. The
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excitation light is focused by a 20x UV objective. The emitted PL light is collected with
the same objective and detected with a charge-coupled device (CCD) camera in

combination with a 250 mm spectrometer equipped with a grating of 3600 lines mm'.

All experiments are performed in 100 mM HEPES buffer at different pH values at room
temperature. NADH has been added to the buffer from a concentrated stock solution
under constant stirring. Structural characterization was carried out by high resolution x-
ray diffraction (HRXRD) using a PANalytical X Pert PRO MRD diffractometer.

InGaN/GaN nanowire electrode preparation. Vertically aligned InGaN/GaN nanowire
heterostructures are grown on low resistivity n-type Si (111) substrates by plasma-
assisted molecular beam epitaxy (PAMBE) under nitrogen-rich conditions. The nanowire
heterostructures consist of a GaN nanowire base with a length of nominally 200 nm,
grown according to a self-assembled and catalyst-free growth process,*? followed by an
extended InGaN section with a nominal length of 350 nm. The growth of the InGaN
section with a detailed structural and optical analysis of InGaN/GaN NW heterostructures
is presented in reference.*® Sample preparation involved the deposition of an Ohmic
backside contact (80 nm Al/100 nm Ag) by thermal evaporation onto the Si substrate after
removing the native oxide layer in buffered HF solution.
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Fig. 1. Growth and optical characterization of InGaN/GaN NWs. Top (A) and side view (B) SEM
images of InGaN NWs grown on GaN NW templates on n-Si(111) substrate. (C) Normalized
photoluminescence spectra of InGaN/GaN (black curve) and GaN NWs (red curve) at room
temperature. The excitation wavelengths for InGaN/GaN NWs are 405 nm and for GaN NWs are
325 nm, respectively. (D) Reciprocal space map of the (1015) reflex of an InGaN/GaN NW
heterostructure. GaN and InGaN reflexes are labeled and the InGaN is relaxed to the GaN
template indicated by the tilted dashed line. The structural analysis has been performed with
HRXRD.
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Results and discussion

Characterization of nanowires. The morphology of the InGaN/GaN nanowire electrode
is presented in the SEM analysis in Fig. 1. The NWs have a hexagonal shape with an
average diameter of 72 + 20 nm and a length of about 550 nm, resulting in a high surface-
to-volume ratio. In detail the GaN base, which serves as a template for the growth of the
InGaN section corresponds to 36% of the total length (schematically shown in Fig. 2A)
and provides an electrical contact of the InGaN NW to the substrate. Optical properties
of InGaN/GaN and GaN base NW electrodes are investigated by photoluminescence
spectroscopy at room temperature. While the GaN base gives rise to an emission peak at
363 nm, the InGaN part of the NW heterostructures shows an emission band around
535 nm (Fig. 1C).

HRXRD analysis has been performed for structural characterization of the nanowire
electrodes. Fig. 1D shows the reciprocal space map (RSM) of the asymmetric (1015)
reflex of the InGaN/GaN nanowire array. The reflexes plotted in the figure correspond to
the GaN NW template and the InGaN top section. The position of the InGaN reflex
relative to the GaN reflex reveals that the InGaN part is not compressively strained but
has relaxed to its bulk lattice parameters. This is indicated by the dashed lines in the
figure. The composition of the InGaN section has been estimated from the lattice

parameter extracted from reciprocal space maps yielding an In-content of =10%.
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Fig. 2. (A) Schematic illustration of the charge carrier separation in InGaN/GaN NWs grown on
Si substrate as a result of illumination. (B) Wavelength-dependence of the photocurrent of
InGaN/GaN NWs grown on n-Si substrate (¢), GaN NWs grown on n-Si substrate (b) and pure n-
Si substrate (a). (100 mM HEPES pH 7; 5 mW cm?; 0 mV vs. Ag/AgCl, 1 M KCl).

Basic photoelectrochemical characterization of the InGaN/GaN NWs is performed in
100 mM HEPES pH 7. The wavelength-dependent photocurrent of the bare n-Si substrate
(here the NW growth process has been interrupted directly after the initial nitridation
step), and the GaN NW base have also been analyzed in comparison to the InGaN/GaN
NW structures, as shown in Fig. 2B. The InGaN/GaN NWs exhibit an onset of a distinct
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anodic photocurrent at a wavelength of around 500 nm that increases in magnitude with
decreasing wavelength. In comparison the onset of the photocurrent for the GaN NW base
electrode is observed below 380 nm and the bare n-Si electrode exhibits only negligible
photocurrents in the entire wavelength range. These results show that the InGaN section
of the InGaN/GaN NW heterostructures can be selectively excited, while parasitic
photocurrents from the GaN NW base or from the Si substrate do not have to be
considered. Furthermore, the wavelength study demonstrates that a photocurrent of
sufficient magnitude can be generated in a wide wavelength range, allowing the
adjustment of the excitation wavelength to the analyte to be detected and thus avoiding
its direct excitation or the degradation of biomolecules by UV light.

The photocurrent kinetics of the InGaN/GaN NW electrodes are investigated by
modulation of the light source with different frequencies and show a clear decrease of the
photocurrent for frequencies above 5 Hz (Fig. S1). Since the electron transport inside the
NWs can be excluded to be the limiting part, the electrode/donor electron transfer seems
to slow down the system at higher modulation frequencies. However, this does not limit

the applicability for biosensors.
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Fig. 3. Bias-dependence of the photocurrent and the photoluminescence intensity of an
InGaN/GaN NW heterostructure ensemble. At cathodic bias at the nanowire-electrolyte contact,
the PL intensity increases, because of hole concentration inside the NWs (left insert), while no
photocurrent is present. For anodic bias a strong increase of the photocurrent due to

photogenerated holes at the NW surface is found. (100 mM HEPES pH 7; light source 405 nm;
output power 100 mW; light pulses of 5 s, scan rate 5 mV s™'; potential vs. Ag/AgCl, 3 M KCI).

Although high photocurrents have been obtained with UV excitation further
characterization has been performed with 449 nm + 5 nm, since even under these
conditions well defined photocurrents of sufficient magnitude are obtained. To
investigate the bias-dependence of the InGaN/GaN NW photocurrent chopped light
voltammetry has been performed, revealing exclusively anodic photocurrents starting at
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around -400 mV vs. Ag/AgCl and enhancing with increasing applied potential (Fig. 3).
This behavior can be explained by the formation of a Schottky barrier at the n-
semiconductor/electrolyte interface. The potential-dependent photocurrent behavior is
found to be independent on the wavelength used during illumination (Fig. S2). The
photoelectrochemical properties of InGaN/GaN NWs are dominated by the
recombination characteristics of photogenerated electron-hole pairs that are determined
by the bias-dependent surface band bending in the NW electrodes. For anodic bias, the
upward surface band bending is increased and the depletion layer is extended further into
the NW, resulting in a more efficient separation of photogenerated electron-hole pairs and
an increasing anodic photocurrent driven by holes as minority carriers. In contrast, the
photoluminescence (PL) intensity for anodic bias decreases, as the confinement of holes
as minority carriers inside the NWs is weakened.*®! With increasing cathodic bias the
confinement of the holes inside the NW is improved, resulting in an increase of the
radiative recombination rate, i.e. an increase of the PL intensity and a decrease of the
photocurrent. Consequently, while the bias-dependence of the PL allows the optical
detection of charge transfer at cathodic potentials, variations in the photocurrent enables
photoelectrochemical sensing at anodic bias. Thus, the simultaneous measurement of the
photocurrent and the PL with the InGaN/GaN sensing platform provides an additional
tool to analyze and evaluate complex electron transfer schemes at the

semiconductor/solution interface.

The influence of the excitation intensity on the amplitude of the anodic photocurrent is
shown in Fig. 4A for different bias potentials. Here, an increasing anodic photocurrent
with increasing light intensity as well as with increasing potential is observed. At small
bias and low light intensities stable and fast establishing photocurrents are observed. The
application of anodic potentials above 100 mV vs. Ag/AgCl also results in well-defined
photocurrents but with a small drop of the current during illumination. In order to suppress
the influence of such effects measurements have been carried out at small light intensities,
e.g. 10 mW cm™, that already provide sufficient and stable photocurrents suitable for PEC
detection in the entire investigated potential range.

The influence of the pH value on the photocurrent has been investigated by chopped light
voltammetry and photochronoamperometric measurements (Fig. 4B and S3). For
increasing pH, the photocurrent increases as further enhancement of the upward band
bending in the NWs promotes the oxidation process. For more acidic conditions (lower
pH) the photocurrent decreases, as the surface band bending is reduced and thus, the
proton-hydroxide balance has a strong influence on the photocurrent magnitude, but also
photocurrent kinetics. This explanation is in good agreement with previous findings on
an increase of the PL intensity in more acidic pH.*®' Further enhancement of the
photocurrent could also be caused by a higher photocatalytic conversion efficiency of
hydroxide ions compared to water molecules, as it has also been shown for nanostructured
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TiO;, films.*®* These results may illustrate one advantage of InGaN/GaN NWs which
allow pH detection by PEC and PL measurements.
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Fig. 4. (A) Photochronoamperometric measurements of an InGaN/GaN NW electrode at different
light intensities and potentials. (100 mM HEPES pH 7; light source 449 nm + 5 nm; light pulses
of 10 s; potential vs. Ag/AgCl, 1 M KCl) (B) Chopped light voltammetry of the InGaN/GaN NWs

grown on Si substrate in dependence on the solution pH. (100 mM HEPES; light source 449 nm
+ 5 nm; 10 mW cm; light pulses of 5 s, scan rate 5 mV s'; potential vs. Ag/AgCl, 1 M KCI).

Stability tests performed at pH 7 and 0 mV vs. Ag/AgCl with a light intensity of 10 mW
cm™ reveal that after 4-5 light pulses of 10 s a stable photocurrent is obtained, thus
allowing precise evaluation of the baseline signal (before adding any analyte to the
solution) (Fig. S4). Even after continuous illumination of 20 min only a minor
photocurrent decrease of just 9% is observed that almost regenerates after returning to the
initial pulse mode. However, it should be noted that the equilibration time extends with
increasing potential and light intensity. Thus, a moderate light intensity of 10 mW cm™

is beneficial and has been used for photoelectrochemical sensing of NADH.
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Photoelectrochemical NADH sensing. One the basis of well-defined photocurrent
generation, the photocatalytic oxidation of NADH at the InGaN/GaN nanowire
heterostructure electrodes has been investigated. Since NADH possesses a strong
absorption maximum at 340 nm, the photocurrents before and after addition of 1 mM
NADH are investigated at different wavelengths. As shown in Fig. 5, the utilization of an
illumination wavelength of 449 nm results in a photocurrent increase of about 250%
(AI=16 pA cm™) in the presence of NADH, thus demonstrating the light-induced
oxidation of NADH at the NWs. For a decreasing illumination wavelength the NADH-
induced relative photocurrent is strongly attenuated. At 369 nm even a complete
suppression of the initial photocurrent is found. This behavior is attributed to the strong
absorbance of NADH in this spectral range and can be explained by a joint excitation of
the electrode and the molecule to be analyzed, resulting in different electron transfer
reactions compared to the ground state. These results demonstrate that the adjustment of
the optical properties of the semiconductor to the absorption properties of the analyte is
an essential tool for the design of efficient PEC sensor systems. Consequently,

wavelengths above 398 nm can be used for the detection of NADH oxidation.
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Fig. 5. Photocurrent response of an InGaN/GaN NW electrode before (black line) and after
addition of 1 mM NADH (red line) at different wavelength. For a better comparison, the
photocurrents are represented relative to the initial photocurrent Iy at the respective wavelength;
black line: To/To; red line: Ii mm napn/To. Additionally, the relative absorption of NADH over the
investigated wavelength range is illustrated as a blue curve. (100 mM HEPES pH 7; 10 mW cm’
2; light pulses of 10's; 0 mV vs. Ag/AgCl, 1 M KCl).

In contrast to that, the addition of 1 mM NAD™ - the oxidized form of the nucleotide -
does not result in a photocurrent change, neither at 369 nm nor at 449 nm (Fig. S5 and
S6). This shows that NADH can be selectively detected in the presence of the oxidized
cofactor with InGaN/GaN NWs.
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In order to verify the location of light-induced NADH oxidation at the InGaN/GaN NWs
and to exclude a participation of the GaN base and the n-Si electrode to the NADH
dependent signal, control experiments have been performed. Here for both, the GaN-base
and the n-Si electrode a very small initial photocurrent and a tiny photocurrent increase
in the presence of | mM NADH are observed, corresponding to about 0.3% of the signal
obtained for the InGaN/GaN NW heterostructures (Figs. S7 and S8). Thus, the oxidation
of NADH almost exclusively occurs at the InGaN section of the NW structure, as
schematically shown in Fig. 2A. Furthermore, analysis of the solution after a defined time
period of the photoelectrochemical experiment by means of an enzymatic assay
demonstrate that NAD" is the main product of light-induced NADH oxidation at the
InGaN/GaN NWs (see SI for further details).

We have also employed electrochemical impedance spectroscopy to analyze the charge
transfer and transport at the InGaN/GaN NWs in the dark and under illumination with
and without NADH (see Fig. S9). Due to the insulating properties of the NWs in the dark
(i.e. no charge carrier generation) quite high impedance signals can be observed in buffer
solution. Similar impedance spectra are obtained in the presence of NADH. Under
illumination the impedance signal drastically decreases due to the light-induced charge
carriers inside the InGaN/GaN NWs. A further decrease of the impedance can be
observed in the presence of 1 mM NADH (under illumination) due to the additional
supply of electrons.

To further evaluate the applicability of the InGaN/GaN NWs for the NADH sensing, we
have investigated the potential- and pH-dependence of the photocurrent (Fig. 6). A first
signal enhancement of around 1.5 pA cm™ in the presence of 1 mM NADH is already
observed at a potential of -300 mV vs. Ag/AgCl, which is remarkably low compared to
other electrochemical and photoelectrochemical systems.!167373:37 Fyrther increase of
the applied potential results in an increased NADH response up to an average
photocurrent of 36 pA cm™ at +500 mV vs. Ag/AgCl, allowing a reliable detection of
NADH in a wide potential range. The observed pH-dependence (Fig. 6B) shows that
InGaN/GaN NWs can be operated in moderate basic and acidic solutions, thus extending
the application range for the combination with enzymes, as dehydrogenases show
structural stability and catalytic activity at different pH values. A slightly higher NADH-
dependent photocurrent can be detected in the acidic and neutral region. This is in contrast
to what is expected, since it is known that the NADH oxidation is a 2 e process,
accompanied by proton release, which can be thus expected to proceed preferably in
alkaline media.*® However, enhanced electrochemical NADH signals with decreasing
pH have also been found in approaches with different redox mediators,>¢%371372
demonstrating the complex redox reaction of NADH at electrode surfaces. The results
indicate that the rate-limiting process is not the proton release, but the electron transfer
itself. However, analytical detection of the molecule is possible in the entire pH range
studied.
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Fig. 6. (A) Photocurrent change Al of InGaN/GaN NW electrodes after addition of 1 mM NADH
as a function of the applied potential. (100 mM HEPES pH 7; light source 449 nm £+ 5 nm;
10 mW cm%; light pulses of 10 s; potential vs. Ag/AgCl, 1 M KCI; n=3 electrodes) (B)
Photocurrent change Al of InGaN/GaN NW electrodes after addition of 1 mM NADH as a
function of the pH in solution. (100 mM HEPES; light source 449 nm + 5 nm; 10 mW cm?; light
pulses of 10 s; 0 mV vs. Ag/AgCl, 1 M KCI; n=3 electrodes) (C) Photocurrent change Al of
InGaN/GaN NW electrodes with increasing NADH concentration (n=3 electrodes) and time
course of the photocurrent (D). (a=0 uM, b=20 pM, ¢=100 uM, d=500 uM, e =2 mM, =20 mM;
3 light pulses after substrate addition; 100 mM HEPES pH 7; light source 449 nm £+ 5 nm;
10 mW cm?; light pulses of 10 s; 0 mV vs. Ag/AgCl, 1 M KCI).

Furthermore, the control of the light intensity used during illumination provides an
additional tool to adjust the NADH dependent photocurrent response (Figs. S10 and S11).

The effect of the NADH concentration on the photocurrent response of the InGaN/GaN
NWs has also been investigated and is shown in Fig. 6C. Even if NADH oxidation is
already feasible at -300 mV vs. Ag/ AgCl we have chosen a slightly higher potential of
0 mV vs. Ag/AgCl to improve the signal-to-noise ratio (S/N). A linear photocurrent
enhancement with a sensitivity of 91 uA mM™ cm? NADH is found between 5 and
50 uM. The detection limit is estimated to be 1 uM (S/ N=3), revealing sufficient
sensitivity for the combination with many important dehydrogenases e.g. glucose
dehydrogenase or glycerol dehydrogenase. The relative change in photocurrent increases
up to a concentration of 10 mM NADH and a half maximum photocurrent is reached at

0.73 mM. Thus, in comparison to other photoelectrochemical approaches the InGaN/GaN
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NWs show a similar detection limit, but with a broader dynamic range at a small bias
without the introduction of additional modifications on the semiconductor
surface 8193167374 [t should also be noted here that the basic current (in the dark) is not
changing upon addition of NADH to the solution which demonstrates that the oxidation
process is photo-induced at the InGaN part of the nanowires only (Fig. S12). Another
observation is that after illumination and photoelectrochemical NADH oxidation the
current returns fast to its initial state and the electrode can be used for further experiments.
To demonstrate the repeatability of NADH detection with the InGaN/GaN NWs the
detection of 200 uM NADH has been repeated 10 times with one electrode (see Fig. S13).
Only a small standard deviation of 4.1% has been found, demonstrating the good
reusability of the sensor for NADH detection. In contrast to other reports on NADH
detection no electrode altering by effects like surface fouling (accumulation of adducts
during the NADH oxidation) have been observed by the usage of InGaN/GaN NWs for

sensing.

In order to investigate the influence of common interfering molecules on the
photoelectrochemical detection of NADH, first experiments have been performed in the
presence of ascorbic acid, uric acid and urea (200 uM each). While a clear signal response
can be obtained after addition of 200 uM NADH, the successive addition of interfering
molecules results only in negligible photocurrent changes (see Fig. S14). In contrast, a
further increase of the NADH concentration can clearly be determined by an enhanced
photocurrent. These results suggest that the InGaN/GaN NWs enable a sufficient
discrimination of NADH in the presence of interfering biomolecules. Also the dark
current is only negligibly affected by the interferences. Therefore, the elimination of
unwanted electrode reactions improves the NADH dependent signal out-put under
illumination. However, further work is needed to realize the application of the NWs in
complex biological media.

In consequence, NADH detection and the analysis of a large number of substrates from
different dehydrogenase reactions become feasible with the InGaN/GaN NWs, but also
the realization of coupled multi-enzyme assays. In such systems an analyte can be
specifically detected via sequential enzymatic conversions, resulting in NADH
production or consumption, as has recently been exemplified for the analysis of GMP *°.

Conclusion

In this study InGaN/GaN nanowire heterostructures are investigated with respect to their
application as photoelectrodes for analytical purposes. Stable and exclusively anodic
photocurrents are selectively excited in the InGaN region starting from -400 mV vs.
Ag/AgCl in the pH range between 5 and 9. This behavior is due to the Schottky-type
barrier at the n-semiconductor-electrolyte interface and can be correlated to the
photoluminescence properties of the structure.
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In the presence of NADH a concentration-dependent photocurrent enhancement due to
photocatalytic oxidation can be observed, allowing the detection in the range from 5 uM
to 10 mM. The NW heterostructures provide an excellent sensitivity of 91 pA mM™' cm’
2 for NADH by applying a low electrode bias (0 mV vs. Ag/AgCl). Experiments at
different wavelengths demonstrate the importance to adjust the excitation wavelength in
order to avoid interferences by the optical properties of the analyte and/or prevent
biomolecule degradation. By comparing InGaN/GaN NWs with GaN NWs only for the
InGaN/GaN NWs a photocatalytic activity for the NADH oxidation is found.
Consequently, InGaN/GaN NW structures pave the way for the combination with a wide
variety of dehydrogenases to build up light-triggered biosensor electrodes. An
enhancement of the functionality can be achieved by combining the photocurrent read-
out in the anodic bias range with the photoluminescence read-out at cathodic bias.
Furthermore, the spacing between the nanowires suppresses lateral diffusion of charge
carriers, so that multiplex approaches by immobilization of different enzymes in
separated spots and light-assisted read-out with high spatial resolution can be achieved.
Hence, InGaN/ GaN NW electrodes provide a defined interface between the active
semiconductor component and the underlying electrode support, resulting in a good
stability and reproducibility for analytical applications.
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4.3  Integration of enzymes in polyaniline-sensitized 3D inverse
opal TiO, architectures for light-driven biocatalysis and
light-to-current conversion®

Authors: M. Riedel and F. Lisdat

Abstract: Inspired by natural photosynthesis, coupling of artificial light-sensitive entities
with biocatalysts in a biohybrid format can result in advanced photobioelectronic systems.
Herein, we report on the integration of sulfonated polyanilines (PMSA1) and PQQ-
dependent glucose dehydrogenase (PQQ-GDH) into inverse opal TiO:> (IO0-TiO»)
electrodes. While PMSA1 introduces sensitivity for visible light into the biohybrid
architecture and ensures the efficient wiring between the 10-TiO: electrode and the
biocatalytic entity, PQQ-GDH provides the catalytic activity for the glucose oxidation
and therefore feeds the light-driven reaction with electrons for an enhanced light-to-
current conversion. Here, the I0-TiO> electrodes with pores of around 650 nm provide a
suitable interface and morphology needed for the stable and functional assembly of
polymer and enzyme. The 10-TiO; electrodes have been prepared by a template approach
applying spin coating, allowing an easy scalability of the electrode height and surface
area. The successful integration of the polymer and the enzyme is confirmed by the
generation of an anodic photocurrent, showing an enhanced magnitude with increasing
glucose concentrations. Compared to flat and nanostructured TiO> electrodes, the three-
layered 10-TiOz electrodes give access to a 24-fold and 29-fold higher glucose-dependent
photocurrent due to the higher polymer and enzyme loading in IO films. The three-
dimensional 10-TiO2|PMSA1/PQQ-GDH architecture reaches maximum photocurrent
densities of 44.7 + 6.5 nA cm™ at low potentials in the presence of glucose (for a three
Ti0; layer arrangement). The onset potential for the light-driven substrate oxidation is
found to be at -0.315 V vs Ag/AgCl (1 M KCl) under illumination with 100 mW cm?,
which is more negative than the redox potential of the enzyme. The results demonstrate
the advantageous properties of 10-TiO2|PMSA1|PQQ-GDH biohybrid architectures for
the light-driven glucose conversion with improved performance.

Introduction

Exploiting light energy for bioelectrochemical applications has triggered extensive

research efforts in recent years. Different directions can be seen in the development, such

as conversion of solar into electrical energy,!!#3863%7

9,388

usage of light for synthesis of

valuable chemicals,””*° or for controlling electrochemical reactions at electrode interfaces

§ Published in ACS Applied Materials and Interfaces: M. Riedel and F. Lisdat. Integration of enzymes
in polyaniline-sensitized 3D inverse opal TiO, architectures for light-driven biocatalysis and light-to-
current conversion. ACS Appl. Mater. Interfaces 2018, 10, 267-277. DOI:. 10.1021/acsami.7b15966.
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70


https://pubs.acs.org/doi/abs/10.1021/acsami.7b15966?journalCode=aamick
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15966?journalCode=aamick
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15966?journalCode=aamick
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15966?journalCode=aamick

4 Results

in photoelectrochemical sensors.!®!73% Recently, the construction of light-driven
biohybrid architectures on electrodes by the connection of light-sensitive elements with
enzymes has shown to be promising for the design of advanced photobioelectrochemical

systems.82’83’95’g7’98’138’168’360

Upon illumination, electron-hole pairs are generated inside the light-sensitive element,
allowing the electron transfer reaction with an electrode and also with enzymes.
Photoinitiated electrons can be transferred to the enzyme, resulting in reduction of the
substrate and the formation of a cathodic photocurrent. On the other hand, electrons from
the biocatalytic conversion can fill up the photoinitiated hole for the generation of an
anodic photocurrent. In both cases, the light-triggered initiation of highly energetic charge
carriers is used to drive the biocatalytic reaction. This can be exploited in light-driven
sensing!® but also opens the way for the realization of self-powered point-of-care devices
that rely on sun light.>3? This approach can be used to overcome limitations in applicable
potentials to enzyme electrodes for oxidation and reduction of substrates or for an

increased power output in photobioelectrochemical fuel cells.

Besides the integration of biocatalysts with intrinsic light sensitivity, such as native

photocatalytic enzymes (e.g., photosystem 1 and II),33136137

138 82,83,97

some light-insensitive

enzymes, such as hydrogenase, ”® glucose oxidase, sarcosine oxidase,”® sulfite
oxidase,® PQQ glucose dehydrogenase,*®® fructose dehydrogenase,*®® and cytochrome
P450,2'%%* have been integrated in functional light-driven devices. Semiconductor

nanostructures, such as quantum dots (QDs)%%7:98360 and nanowires®”’

or organic
dyes,3*2 have shown the potential for photonically wiring light-insensitive enzymes.
Therefore, different approaches have been developed to follow the biocatalytic reaction
under illumination, including the detection of enzymatic cosubstrates and

97.98.9587.119 o1 the detection of mediated or direct electron transfer reactions

products,
between the enzyme and the light-sensitive element.3283888996.360 However, the light-to-
current conversion is currently rather low and a fast communication between enzymes
and light-sensitive elements in a complete immobilized fashion and without the need for

additional cofactors or mediators remains challenging.

For most photobioelectrochemical approaches, the photosensitive material is attached to
conductive metal or heavily doped semiconductor electrodes (e.g., indium tin oxide
(ITO)) and allows cathodic or anodic electron transfer processes, depending on the
applied potential.”>%* To favor the anodic direction, the utilization of the semiconductor
TiO, has gained great interest for the construction of electrodes in solar cell and
photocatalytic applications.>*®%7-3! Here, the generation of electron-hole pairs is limited
to the excitation with UV light. To expand the excitation range to visible light, TiO> is

often combined with nanomaterials, such as QDs,!'* dyes**®*7 or polymers,*> which are
able to inject excited electrons into the conduction band (CB) of TiO,, resulting in a

generation of exclusively anodic photocurrents.
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The idea of the present study is to use a polymer as a TiO sensitizer and simultaneously
as a wiring agent between an enzyme and TiO>. We want to exploit that polyanilines
enable a charge transfer to TiO, under visible light illumination® but also provide a
beneficial interface for the connection with various redox enzymes.3++289:323.395 Jnti]
now, the combination of TiO> with polyanilines and enzymes in a functional light-driven

biohybrid system has not been shown.

Consequently, we have investigated the construction of macroporous inverse opal TiO>
(IO-Ti0y) electrodes by a simple spin-coating procedure as platform for the incorporation
of a sulfonated polyaniline (PMSA1) and the enzyme PQQ glucose dehydrogenase (PQQ-
GDH) for the light-directed glucose oxidation. The final 10-TiO2|PMSA1|PQQ-GDH
architectures demonstrate the feasibility to transfer electrons from the biocatalytic
reaction via the polymer toward the electrode under illumination. This
photoelectrochemical signal cascade enables glucose oxidation at potentials below the
enzymes redox potential for sensing and for an enhanced light-to-current conversion.

Experimental section

Materials. D-Glucose, 2-(N-morpholino)ethanesulfonic acid (MES), calcium chloride
(CaClp), 2,6-dichlorophenolindophenol (DCPIP), and polystyrene latex beads (LB)
(diameter 0.8 um) were purchased from Sigma-Aldrich (Steinheim, Germany). HNOs-
stabilized TiO, anatase phase nanoparticles (NPs) with an average size of 4-8 nm were
from PlasmaChem GmbH (Berlin, Germany). Poly(ethylene glycol) (PEG4000) was
purchased from Carl Roth GmbH + Co. KG (Karsruhe, Germany). Pyrroloquinoline
quinone disodium salt was obtained from Wako Chemicals GmbH (Neuss, Germany).
PQQ glucose dehydrogenase (PQQ-GDH) (Acinetobacter calcoaceticus) was kindly
gifted by Roche Diagnostics GmbH. Poly(2- methoxyaniline-5-sulfonic acid)-co-aniline

polymer (PMSA1) was synthesized as reported before.?87-3

Preparation of Macroporous 10-TiO: Electrodes. Fluorine doped tin oxide (FTO)
slides were cleaned by ultrasonication in deionized water, isopropanol, and acetone for
15 min each. The cleaned electrodes were placed on a spin coater (SCC-200, KLM)
directly after drying. A dispersion of 100 mg mL™ TiO, nanoparticle (NP) and
100 mg mL! latex beads (LB, diameter 0.8 um) was prepared in a 1:1 H>O/ethanol
mixture unless stated otherwise. First, 20 mg of TiO2 nanoparticles was suspended in 200
pL volume, which results in a translucent TiO2 NPs solution. Simultaneously, 1 mL of
20 mg mL"! LB ethanol suspension was centrifuged at 25 000 g for 8 min. The supernatant
was removed, and the LB pellet is resuspended in the before prepared TiO2> NP solution.
The mixture was ultrasonicated for at least 45 min in an ice bath before use. Fifteen
microliters of the TiO> NP/LB mixture was dropped on the cleaned FTO slides and spin
coated at 40 rps for 2 min unless stated otherwise. Subsequently, the area was limited to
a circle with a diameter of 0.3 cm by wiping away the superfluous amount with a tissue.
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The as-prepared electrodes were sintered at 450 °C for 1 h. For the preparation of further

layers, the whole procedure was repeated.

The same preparation procedure was used for the construction of TiO> electrodes without
LB or with poly(ethylene glycol) (PEG) by simply leaving out the LBs or exchanging the
LB by the same amount of PEG (100 mg mL™"). The molecular weight of the PEG used
corresponds to around 4000 g mol™'.

Preparation of Macroporous 10-TiO2|PMSA1|PQQ-GDH Electrodes. The sintered
macroporous 10-TiOz electrodes were first incubated in 2 mg mL™! PMSA1 (dissolved in
5 mM MES + 5 mM CaCl, pH 6.5) for 1 h. For investigating the Ca?" influence on the
polymer assembly, the incubation was performed under different Ca* concentrations (5,
50, 100, and 200 mM) with 2 mg mL"' PMSA in 5 mM MES pH 6.5. The polymer-
modified I0-TiO: electrodes were subsequently rinsed with buffer to remove the weakly
bound polymer. Before enzyme immobilization, the apo-enzyme was reconstituted with
PQQ by a PQQ/enzyme ratio of 1 for 1 h in the dark. To assemble the PQQ-GDH on the
PMSA 1-modified IO-TiO; electrodes, a2 mg mL! enzyme solution (5 mM MES + 5 mM
CaCl; pH 6.5) was incubated for 1 h.

Estimation of the Enzyme Concentration. For the estimation of the PQQ-GDH
concentration immobilized on the TiO; electrodes, we have assumed that the enzyme
activity is not influenced by the immobilization procedure. The enzyme was first
extracted with buffer of high ionic strength (5 mM MES + 200 mM KCI pH 6.5) by
extensive rinsing to ensure a complete detachment of the adsorbed enzyme. Afterward,
the activity of the removed enzyme was determined in a spectroscopic assay with DCPIP
(600 nm) and correlated to experiments performed with a defined enzyme amount. Thus,

we were able to estimate the enzyme concentration.

Determination of the Polymer Concentration. The polymer amount immobilized to the
electrodes was determined by UV/vis. The PMSA1-modified 10-TiO> electrodes were
dried and afterwards extensively rinsed with 10 uL of dimethyl sulfoxide (DMSO). The
successful polymer removal was achieved after 1 min and could be recognized by a
discoloration (from green to white) of the structure. After extraction of the polymer, the
solution was spectroscopically investigated with a NanoDrop 2000 (Thermo Fisher
Scientific Inc.), allowing the analysis of small sample volumes. The obtained data were
correlated to the spectroscopic data of a known concentration of PMSAT1 dissolved in
DMSO. For the determination of the PMSA1 concentration, we have used the
characteristic polymer peak at 320 nm.

Photoelectrochemical Experiments. Photoelectrochemical experiments were
performed with an integrated photoelectrochemical workstation from Zahner (CIMPS).
The device consists of a potentiostat (Zennium) for the electrochemical control and a
second potentiostat (PP211) for controlling the light source. A white light source was
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applied for the illumination of the electrodes unless stated otherwise. For wavelength-
dependent experiments, a monochromator (Polychrome V, Till Photonics) with a
bandwidth of 15 nm was used. The measurements were carried out in a homemade
electrochemical cell in a three-electrode arrangement consisting of an 10-TiO; working
electrode, an Ag/AgCl, 1 M KCl reference electrode, and a platinum wire as the counter
electrode.

Scanning Electron Microscopy (SEM). The SEM images were prepared with a scanning
electron microscope (JSM-6510; JEOL) at an acceleration voltage of 20 kV, with a
2500%, 8000%, and 25 000x magnification. For the determination of the layer height of
the I0-TiO, architectures, a part of the structures was scratched away and the SEM

images were recorded under an angle of 45° with a 2500x magnification.

Results and discussion

In this study, we have explored the construction of a biohybrid architecture for the
photobiocatalytic glucose oxidation under visible light illumination. Here, we combine
TiO2 as cheap and transparent electrode material and sulfonated polyaniline as a
biocompatible light-sensitive element and wiring agent for the enzyme PQQ-GDH. TiO>
has to fulfill two requirements to provide the light-directed functionality of the whole
system. On one hand, the large band gap of the material prevents electron transfer
reactions between the electrode and the polymer in the dark. On the other hand, the
separation of the light-induced charge carriers within the polymer is supported at the
TiO2/polymer interface and therefore supports the generation of anodic photocurrents.
The whole principle is depicted in Figure 1C, showing the light-initiated electron transfer
chain. Upon illumination, electron-hole pairs are generated inside the polymer. In detail,
the photon-polymer interaction results in the excitation of electrons from the highest
occupied molecular orbital (HOMO) into the lowest unoccupied molecular orbital
(LUMO) state. The gained light energy is sufficient to enable the injection of excited
electrons into the conduction band (CB) of TiO», which is at around —0.82 V vs SCE (pH
7).3%397 On the other hand, the polymer can facilitate a direct electron transfer with the
enzyme.?”? PQQ-GDH oxidizes glucose at the catalytic center (PQQ) to
gluconolactone and subsequently transfers electrons to the polymer, resulting in enhanced
photocurrents by filling up holes of the light-induced process.

Construction of 10-TiO2 Structures. First, we have concentrated on the design and
construction of three dimensional IO-TiO> electrodes to provide a beneficial morphology
for the assembly of polymer and biomolecules. Such structures are characterized by a
larger interface between the polymer and the semiconductor, which is essential for a
defined photocurrent generation but also ensures a stable integration of a large amount of
biomolecules while still allowing a sufficiently fast diffusion of substrates.
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Even if there are several procedures for the construction of I0-TiO» structures, most of
them are rather time-consuming or are difficult for controlling the layer thickness.**% %!
This is mainly attributed to the requirements of highly ordered structures for photonic
purposes, which are not necessary for other applications. This is why we have developed
a simple procedure to build up 10-TiO: electrodes with a defined height in a layered
format. The stepwise preparation procedure is illustrated in Figure 1A and is based on the
coassembly of a mixture of TiO> nanoparticles (NP) and latex beads (LB) by a spin-
coating process onto FTO electrodes. The following sinter step at 450 °C results in a
thermal decomposition of the LBs by leaving behind an inverse opal TiO» architecture
with pores of a defined size. The procedure has been optimized for a homogeneous layer
of 10-TiO, with open holes, allowing a good polymer and biomolecule penetration.
Therefore, the influence of the amount and the ratio of the TiO> NP/LB mixture, the
solvent, and the rotating speed used during spin coating on the final sintered TiO> layers
has been evaluated by scanning electron microscopy measurements (for details, we refer
to Figure S2, SI). As illustrated in Figure 1B, the final procedure (100 mg mL™! TiO> NPs
and 100 mg mL! LBs in 1/1 ethanol/H,0, 40 rps) results in an inverse opal structure
containing holes with a diameter of around 650 nm, with interconnecting channels
between the pores. The structures are rather thin-walled so that even underlying chambers
can be seen in the SEM image, which is expected to be beneficial for the propagation of
light inside these structures.

(A)

Incubation:
Spin coating Sintering 450°C PMSAL (1h)

TiO, NP +1B PQQ GDH (1h)

G

T

D-Glucose

E vs. Ag/AgCl

D-Gluconolactone

.1 um '2p.m

~ - TiO, PQQ-GDH

Figure 1. (A) Schematic illustration of the stepwise preparation of IO-TiO, architectures on FTO
electrodes and the subsequent assembly of PMSA1 and PQQ-GDH. (B) SEM image of the 10-
TiO; electrodes after sintering, demonstrating the open inverse opal structure with holes with a
diameter of around 650 nm. (C) Energetic level of TiO,, PMSA1, and PQQ-GDH, displaying the
light-driven electron transfer chain for the composed biohybrid architecture. In the presence of
glucose, the substrate is converted by the enzyme and the electrons from the biocatalytic reaction
are transferred to the polymer. Upon illumination with visible light, the electrons inside the
polymer are excited to a higher energetic state (LUMO) and are subsequently injected into the
conduction band (CB) of TiO,, resulting in an enhanced anodic photocurrent.
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By using the spin-coating procedure, we have been able to control the thickness of the
IO0-TiO; architectures by simply tuning the number of layers deposited. However, to
retain the integrity of the structures, a sintering step between the layers has been found to
be necessary (Figure S2E, SI). Up to four layers have been deposited onto FTO, resulting
in I0-TiO; architectures with a height of up to about 4.6 um (Figure S3, SI). In the
investigated range between one and four layers, a linear increase of the height with an
average layer thickness of around 930 nm per layer has been found (Figure S4, SI), while
maintaining the pore diameter and the uniform electrode morphology.

In UV/vis experiments, the optical properties of the prepared I0-TiO> architectures have
been evaluated for the one- and two-layer electrodes (Figure S1, SI). The one-layer
electrode shows a high light scattering starting from 300 nm and reaches the high
transmittance of FTO of 85% at about 900 nm. For the two-layer electrode, a stronger
scattering is observed over the whole recorded wavelength range but follows the course
of the one-layer electrode. The promoted light scattering within such disordered structures
can improve the optical absorption of the light-sensitive element due to the extended
traveling distance of the incident light within this 3D structure, as reported before for

different solar cell approaches.**?

Photoelectrochemical Properties of 10-TiO:z Structures. To evaluate the concept of
using sulfonated polyanilines for the sensitization of IO-TiOz, first, the interaction
between both has been characterized photoelectrochemically. We have chosen the
copolymer PMSA1, which has already shown the potential to efficiently wire various
redox enzymes.?87-289-32339° The polymer has been synthesized with two different types of
monomers, an aniline and a methoxyaniline sulfonic acid, with a ratio of 1:5, resulting in
a water soluble polymer with negatively charged functionalities. Besides exploiting the
sulfonate groups for the electrostatic interaction with biomolecules, the insertion of these
groups within the polyaniline is necessary to achieve polymer conductivity in the neutral
pH range.®®® The UV/vis spectrum of PMSALI in buffer solution is depicted in Figure
2A. The polymer is yellow-green and shows two characteristic peaks at 458 and 323 nm
(Figure S6, SI), which can be associated with the polaron band and the m-n* band,
respectively.?8”4% The spectral properties of PMSA1 reflect that the polymer exists in the

conductive emeraldine salt state.

For sensitization of 10-Ti10, the polymer has been assembled from an aqueous solution
(5§ mM MES with 5 mM CaCl; pH 6.5) for 1 h. Besides the preferred polymer assembly
via adsorption to the electrode surface, we additionally assume to exploit the sulfonic acid
groups of the polymer for the anchoring to the TiO> surface via bidentate binding, as
reported for sulfonated dyes.'?? The successful binding of the polymer to the 10-TiO>
architecture can be approved by the coloration of the structure from white to green (Figure
S3E, SI).
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Figure 2. Photoelectrochemical experiments of 10-TiO;[PMSALI electrodes. (A) Wavelength-
dependent photocurrent density of a three-layered 10-TiO; electrode with (closed circle) and
without PMSA1 (open circle) (0 mV vs Ag/AgCl, 1 M KCI; 5 mM MES + 5 mM CaCl, pH 6.5).
The blue curve corresponds to the UV/vis spectrum of PMSAT in buffer solution. (B) Chopped
light voltammetry of a three-layered 10-TiO; electrode with (black curve) and without PMSA1
(red curve) (white light source; 10 mW cm?; potential vs Ag/AgCl, 1 M KCl from -0.3 to +0.4
V; 5mV s!; 5 mM MES + 5 mM CaCl, pH 6.5). (C) Photocurrent density of three layered 10-
TiO,JPMSAL electrodes depending on the pH value (white light source; 10 mW c¢cm?; 0 mV vs

Ag/AgCl, 1 MKCI).
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Basic photoelectrochemical characterizations have been performed with three-layered
I0-TiO2|[PMSAL1 electrodes. First, the photocurrent response of the final architecture has
been analyzed wavelength-resolved with a monochromator at a potential of 0 V vs
Ag/AgCl, 1 M KCI. As shown in Figure 2A, the photocurrent increases progressively
from 600 to 400 nm. In comparison, IO-TiO: electrodes without polymer only show small
photocurrents at wavelengths below 420 nm. Accordingly, the excitation range of the 10-
Ti0O; electrodes is extended to the visible range due to the polymer integration. The
photocurrent spectrum correlates well with the optical spectrum of PMSAT1 in solution.
At around 460 nm, a plateau is found, which can be attributed to the polaron band of the
polymer. This confirms the light-induced electron injection from the LUMO of the
polymer into the CB of TiO», with the concomitant generation of an anodic photocurrent.
For further characterization, a white light source has been used.

Control experiments with a conductive FTO electrode covered with PMSA1 show no
photocurrent upon illumination (0 V vs Ag/AgCl, 1 M KCI, and 10 mW cm?). The
absence of a photocurrent for electrodes without TiO> demonstrates that FTO cannot
efficiently separate the light-induced electron-hole pairs within the polymer. In contrast,
such conductive materials allow electron transfer reactions with the polymer in the
absence of light.?®”-?% This is, however, not in the focus of the present study. It has also
to be added here that unmodified three-layered 10-TiO; electrodes without polymer only
give negligible photocurrents. Therefore, both 10-TiO, and PMSA1 are necessary to
achieve clear anodic photocurrents in the visible light range.

By recording the photocurrent of 10-TiO2[PMSA1 electrodes in dependence on the
applied potential between -0.3 and +0.4 V vs Ag/AgCl, 1 M KCI over the entire
investigated bias range, anodic photocurrents have been found (Figure 2B). As expected
before, this displays that the I[O-TiO2[PMSAI electrodes behave as photoanodes, allowing
exclusively a unidirectional light-induced current flow from the polymer to the electrode.
The photocurrent magnitude decreases slightly with positively shifting potential, which
can be explained by the continuous oxidation of the polymer due to the absence of added
electron donors in solution. This is supported by the fact that the transferred charge during
long-term experiments at high light intensities correlates with the amount of immobilized
PMSAI, indicating that the polymer may act as an electron reservoir for the
photoelectrochemical reaction in the absence of any enzymatic reaction, and thus the
photocurrent degrades consequently with time (for details, see Figure S13, SI). However,
if a moderate light intensity of 10 mW c¢m™ and short light pulses of 10 s are applied, the
signal shows sufficient stability. Since our intention is to use a biocatalytic reaction to
feed the photoelectrochemical process, all experiments have been performed without
additional electron donor in solution (to avoid complex reaction capabilities).

The pH value used during the measurements is found to have little influence on the initial
photocurrent response in the range between 5 and 9, with a slightly preferred reaction in
the acidic region (Figure 2C). However, the functionality of the I0-TiO2PMSA1
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architecture remains preserved over a wide pH range, which increases the potential
application of these structures for the combination with different redox enzymes.
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Figure 3. Photoelectrochemical experiments of 10-TiO,[PMSAL1 electrodes. (A) Photocurrent
density of [O-TiO,PMSALI electrodes for different numbers of layers at different light intensities.
Additionally, the signal response of three-layered 10-TiO: electrodes without PMSA1 (open
triangle, three-layer nanocrystalline) and of FTO after immobilization of PMSA1 (open circle) is
shown (white light source; 0 mV vs Ag/AgCl, 1 M KCI; 5 mM MES + 5 mM CaCl; pH 6.5). (B)
Photocurrent density (filled circle) and PMSAI1 loading (open circle) of 10-TiO,]PMSA1
electrodes for different numbers of layers (white light source; 10 mW cm?; 0 mV vs Ag/AgCl,
1 M KCI; 5 mM MES + 5 mM CaCl, pH 6.5).

Furthermore, the influence of the excitation intensity on the photocurrent density for
three-layered 10-TiO2|PMSAL electrodes has been analyzed (Figure 3A). By fixing the
potential to 0 mV vs Ag/AgCl, 1 M KClI first anodic signals of 0.5 = 0.08 nA cm™ have
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already been obtained at rather low intensities of 1 mW cm?. A further signal
enhancement is found with increasing light intensity up to 33.1 + 3.1 pA cm?™ at
100 mW cm™. This suggests that the photoelectrochemical reaction is determined to a
large extent by the charge carrier generation inside the polymer.

To determine the influence of the electrode height on the photoelectrochemical behavior,
IO-TiO2|PMSA1 architectures with 1-4 10-TiO: layers have been analyzed. As illustrated
in Figure 3A, the photocurrent density increases independently of the used light intensity
with every 10-TiO; layer. This indicates that the propagation of light within these
structures is not limited by the number of layers in the investigated range. In Figure 3B,
the photocurrent response at a moderate light intensity of 10 mW cm™ is plotted against
the number of 10-TiO> layers, showing an almost ideal linear signal enhancement with
increasing electrode height. For a better understanding, we have determined the amount
of PMSA1 immobilized within these structures by extraction with DMSO and subsequent
UV/vis measurements (Figure S14, SI). The surface concentration for different electrode
thicknesses is depicted in Figure 3B, showing a linear increase of the polymer amount
from 0.84 £ 0.11 pg cm™ for one-layer electrodes up to 2.56 + 0.1 ug cm™ for four-layer
electrodes. This suggests that we can exploit the additional surface area per layer for the
integration of the polymer. Obviously, the polymer penetration into the IO-TiO;
architecture is unhindered and thus also allows to fill up the underlying pores of thicker
IO films. The results are supported by the photoelectrochemical data, indicating that a
thicker TiO» structure gives rise to a larger polymer-TiO; interface area for an enhanced

photocurrent density.

Integration of PQQ-GDH into 10-TiO2|PMSA1 Architectures. Next, the integration
of a biocatalytic entity into the I0-TiO2[PMSA1 architecture has been investigated.
Therefore, PQQ-GDH has been assembled onto the electrodes via electrostatic
interactions in a layer-by-layer approach (first polymer then enzyme). Here, we intend to
exploit the negatively charged functionalities (sulfonate groups) of the polymer for the
immobilization of the basic enzyme (pI 9.5)*>* at pH 6.5.

In Figure 4A, the photocurrent density after addition of 10 mM glucose in dependence on
the applied potential is shown. Here, an increasing anodic photocurrent is found in the
presence of the substrate. In comparison, no response to glucose is obtained for IO-
TiO2|PMSAT electrodes without enzyme or [10-TiO2|PQQ-GDH electrodes without
polymer. This confirms that the signal change is induced by the enzymatic reaction and
that PMSAL is essential for transferring electrons from the biocatalyst toward the 10-
TiO2 structure for enhanced anodic photocurrents, as schematically illustrated in
Figure 1C. In the investigated bias range, the photocurrent change is found to be
independent of the applied potential, indicating that the reaction is not controlled by the
bias but by the kinetics of electron injection from the polymer into TiO,.
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To further evaluate the influence of the electrode morphology of I0-TiO, architectures
for the construction of a functional biohybrid system consisting of TiO,, PMSA1, and
PQQ-GDH, the influence of these pore-like structures has been compared to that of flat
Ti0O: electrodes and PEG-nanostructured TiO; electrodes. Therefore, the electrodes have
been prepared identical to the I0-TiO; structures but without LB (resulting in flat TiO2)
or by exchanging the LB by the same amount of poly(ethylene glycol) (PEG-TiO2). SEM
experiments show that the first approach leads to a rather smooth layer with cracks,
whereas the second one results in a nanostructured surface (Figure S5, SI). The PMSAI-
modified flat and PEG-TiO; electrodes reach initial photocurrents of 2.3 = 0.3 and 3.9 +
0.3 pA cm? at 10 mW cm™, respectively. In comparison, the 10-TiO2PMSA1
architecture (three layered) gives signals of 5.1 + 0.6 pA cm™ (Figure S7, SI). The
photoelectrochemical data fit well to the determined amount of PMSA 1 immobilized onto
the electrodes (Figure 4B, inset), demonstrating that the I0-TiO; electrodes allow a higher

polymer loading for an increased light-to-current conversion.

In Figure 4B, the photocurrent response after addition of glucose for the different TiO-
electrode types modified with polymer and enzyme is illustrated. Here, a photocurrent
density increase of 1.08 + 0.2 pA cm™ for the I0-TiO; architectures, 0.044 + 0.04 pA cm”
2 for the flat TiO; electrodes, and 0.037 = 0.02 pA cm™ for the PEG-TiO; electrodes have
been found. Thus, the IO-TiO; architectures give rise to a 24-fold and 29- fold higher
glucose-dependent photocurrent response, compared to that of the flat and PEG-TiO>
electrodes, respectively. For quantification, the bound enzyme has been removed from
the electrodes with a high ionic strength buffer and afterwards, the activity has been
determined (for details, see Experimental Section). A noticeable higher surface
concentration of PQQ-GDH is found in I0-TiO, architectures (31 + 3 pmol cm?),
whereas the flat and PEG-TiO: electrodes allow for much less enzyme loading of 6 + 2
and 2 + 0.3 pmol cm?, respectively. The differences in the enzyme surface concentrations
can be explained by the different surface morphologies of the electrodes. The pores of the
I0-TiO; electrodes enable the filling with both the polymer and the enzyme. In contrast,
for the PEG-TiO; electrodes, only the polymer can be sufficiently integrated into the
electrode, whereas the enzyme loading remains rather small. As indicated in the SEM
experiments, this is probably due to the very small pores in the nanometer range for such
TiO> electrodes.***4% Although the procedure results in electrodes with a high surface
area, the penetration of larger biomolecules in such nanostructured electrodes can be
restricted.** By comparing the glucose-dependent photocurrent response of the different
electrode types with the estimated enzyme concentration, it can be shown that the 10-
Ti0,| PMSAT1 electrodes not only cause an integration of more enzymes but also result in
a higher amount of electrically connected biocatalysts (I0-TiO»: 35 nA pmol™! enzyme,
flat TiO2: 7 nA pmol ™! enzyme, and PEG-TiO2: 21 nA pmol! enzyme). Therefore, both
the flat and the PEG-TiO: electrodes provide a less beneficial surface for the
incorporation of PQQ-GDH, indicating that the open pore structure of the 10-TiO:
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electrodes is needed to obtain a stable functional biohybrid architecture based on TiO»,

PMSAI, and PQQ-GDH.
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Figure 4. Photoelectrochemical experiments of 10-TiO,[PMSA1 electrodes with immobilized
PQQ-GDH. (A) Chopped light voltammetry of a three-layered 10-TiO,PMSA1|PQQ-GDH
electrode in the absence and presence of 10 mM glucose. Inset: photocurrent density change Al
after addition of 10 mM glucose, dependent on the applied potential (white light source;
10 mW cm?; potential vs Ag/AgCl, 1 M KCI from +0.2 to -0.3 V; 50 mV s™'; 5 mM MES + 5 mM
CaCl; pH 6.5). (B) Photocurrent density change Al after addition of 10 mM glucose for three-
layered 10-TiO,, flat TiO, (prepared without LB), and PEG-Ti0O; electrodes (prepared with PEG
instead of LB), with immobilized PMSA1 and PQQ-GDH. Inset: surface concentration of PMSAL1
(filled circle) and PQQ-GDH (open circle) for three-layered 10-TiO,, flat TiO,, and PEG-TiO»
electrodes (white light source, 10 mW c¢cm™; 0 mV vs Ag/AgCl, 1 M KCl; 5 mM MES + 5 mM
CaCl, pH 6.5). (C) Photocurrent density change Al after addition of 10 mM glucose of 10-
TiO2]PMSA1PQQ-GDH electrodes for different numbers of layers. Inset: surface concentration
of PMSALI (filled circle) and PQQ-GDH (open circle) for 10-TiO; electrodes with different
numbers of layers (white light source, 10 mW c¢cm™2; 0 mV vs Ag/AgCl, 1 M KCI; 5 mM MES +
5 mM CaCl; pH 6.5). (D) Photocurrent density change Al after addition of 10 mM glucose for
different assembly strategies of PMSA1 and PQQ-GDH onto three-layered 10-TiO- electrodes:
one bilayer with 2 mg mL"! PMSA1 (5 mM Ca*") and 2 mg mL"! PQQ-GDH; one bilayer with
2 mg mL!' PMSA1 (100 mM Ca?") and 2 mg mL"' PQQ-GDH; two bilayers with 2 mg mL"!
PMSA1 (100 mM Ca**) and 2 mg mL"' PQQ-GDH (white light source, 10 mW c¢cm™; 0 mV vs
Ag/AgCl, 1 M KCl; 5 mM MES + 5 mM CacCl; pH 6.5).

Next, we have evaluated the influence of the I0-TiO> layer thickness on the glucose-
dependent photocurrent. As illustrated in Figure 4C, the signal response is enhanced with
increasing number of layers from 0.24 + 0.16 up to 1.19 £ 0.18 A cm™ at a moderate
light intensity of 10 mW cm™ and a potential of 0 mV vs Ag/AgCl, 1 M KCI. This
indicates that the increasing surface area with every layer can be used for the
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photobiocatalytic reaction. The enzyme surface concentration rises continuously from
16 = 2 pmol cm™ for the one-layer electrodes up to 48 + 1 pmol cm™ for the four-layer
electrodes. The rising PQQ-GDH amount and the enhanced photocatalytic signal with
every additional layer suggest that the integration of the enzyme but also the substrate
diffusion are not limited by the layer number. Assuming that a fully packed enzyme
monolayer on a flat electrode corresponds to about 3.2 pmol cm2,%** we can estimate that
we are able to integrate up to 15 enzyme monolayers into the 4-layered 10-TiO2[PMSAL1
electrode. Interestingly, the enzyme/polymer ratio integrated into the I0-TiO;
architectures remains rather constant for all layer numbers (1 layer: 19 pmol pg™, 2 layer:
17 pmol pg, 3 layer: 14 pmol pg™!, and 4 layer: 19 pmol pg'), giving a further hint for
the unrestricted assembly of both enzyme and polymer into the 10 architecture.

To further improve the light-directed glucose oxidation of the 10-TiO2[PMSA1[PQQ-
GDH electrodes, different strategies for the assembly of polymer and enzyme have been
analyzed with three-layered 10-TiO: electrodes (Figure 4D). From previous reports, it is
known that Ca®" ions can coordinate sulfonate moieties in emeraldine salt polyanilines by
screening the negative SO3™ charges.***” The reduced electrostatic repulsion between
the sulfonate groups is thought to change the PMSA1 conformation, which may help to
fill up the 10-TiO; pores with more polymers for an enhanced photoelectrochemical

response.

Therefore, we have compared the photocurrent response of 10-TiO2|PMSA1 electrodes
prepared under low (5 mM CaCl,, previously used) and high Ca** concentrations (100
mM CaCl,). The enzyme incubation and measurements have been further performed in
5 mM MES, with 5 mM CaCl: at pH 6.5. Although for the initial photocurrent response
in the absence of glucose no clear differences have been obtained for the two different
Ca?" concentrations used during polymer immobilization (Figure S8, SI), the glucose-
dependent signal is strongly influenced by the higher Ca?* concentration (Figure 4D). The
glucose-dependent signal is found to be around 2-fold higher by using 100 mM Ca**
during polymer assembly (2.07 + 0.34 pA cm™). Higher Ca®" concentrations result in no
further enhancement of the photocurrent response (Figure S9, SI). The polymer loading
of'the IO-TiO2|PMSA1 electrodes prepared with 5 and 100 mM CaCl; has been calculated
to be 2.14 £ 0.14 and 8 + 0.16 pg cm PMSAI, respectively. This corresponds to a 3.7-
fold higher integration of PMSA1. These results are supported by quartz crystal
microbalance with dissipation monitoring measurements on gold chips, showing that the
polymer adsorption is drastically increased for Ca** concentrations above 50 mM (Figure
S10, SI). In contrast, high concentrations of monovalent cations such as Na* do not favor
the polymer assembly (500 mM Ca?*: 600 Hz; 500 mM Na*: 30 Hz). This underlines the
outstanding role of Ca** for the coordination at the sulfonate groups and for the controlled

immobilization of the polymer.

Similar to the improved polymer loading, also an increased enzyme loading of 90 + 13
pmol cm? for 10-TiO2]PMSA1| PQQ-GDH electrodes prepared with 100 mM CaCl,
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compared with 31 £ 3 pmol cm™ for electrodes prepared with 5 mM CaClz can be found.
These results display the improved conditions found for the integration of the polymer
and the enzyme into the IO-TiO: electrodes and demonstrate the favorable role of PMSAL1
in connecting the enzyme with the TiO; electrodes for the light-directed glucose oxidation

with improved performance.

We have tried to build up two PMSAI1/PQQ-GDH bilayers inside the IO-TiO;
architectures by repeated incubations with polymer (100 mM CaCl;) and the enzyme. A
clear enhancement of the glucose-dependent signal up to 3 = 0.22 pA cm™ has been
achieved by applying two repeated incubation steps (Figure 4D). The stronger green
coloring of the two-bilayer modified 10-TiO> electrode compared to the one-bilayer
electrode additionally confirms a higher polymer loading. The results successfully
demonstrate the principle of using repetitive incubation cycles of polymer and enzyme
for the enhanced deposition of both entities inside the I0-TiO; pores. However, further

experiments are needed to better understand the limitations of this approach.

2,5+

2,0

0,0 0,1 0,2 0,3 04 0,5
Concentration glucose [mM]
Figure 5. Photocurrent density change Al of three-layered I0-TiO;] PMSA1|PQQ-GDH
electrodes after addition of different glucose concentrations. Error bars result from three

individual electrodes (white light source, 10 mW cm?; 0 mV vs Ag/AgCl, 1 M KCI; 5 mM MES
+ 5 mM CaCl, pH 6.5).

Performance of 10-TiO2]PMSA1|PQQ-GDH Architectures. The following
experiments have been performed with three-layered 10-TiO2PMSAI1PQQ-GDH
electrodes consisting of one polymer/enzyme bilayer (100 mM CaCl,). Concentration-
dependent measurements of the biohybrid system with glucose at 0 V vs Ag/AgCl, 1 M
KCI show first signal responses at 10 uM and level off at 250 uM (Figure 5). From the
sensitivity plot, the apparent Kwm app value has been calculated to be 49 uM. This value is
much smaller than the value for free PQQ-GDH in solution (Km ~ 25 mM)*08:259:283 pyt
is comparable to values which have been reported for the enzyme on electrode
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surfaces.***¢ This may illustrate that the changed transport conditions and the electrical
connection of the enzyme can significantly alter the concentration behavior. This is also
supported by the fact that higher Kwm,pp values (0.33 mM) have been reported for
PMSA1/PQQ-GDH films on ITO electrodes.?® However, even if the dynamic range is
currently rather small, the principle of light-directed glucose detection at low potentials
can be successfully shown for the developed biohybrid system.
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Figure 6. Current and power density of three-layered 10-TiO,] PMSA1|PQQ-GDH electrodes
dependent on the applied potential in the presence of 10 mM glucose and under continuous
illumination with 100 mW ¢m™. The maximum power output has been determined by using the
10-TiO,[PMSA1|PQQ-GDH electrode as a working electrode, a Pt wire as the counter electrode,
and an Ag/AgCl, 1 M KClI reference electrode (white light source, 100 mW c¢cm?; 5 mV s;
potential vs Ag/AgCl, 1 M KCI; 5 mM MES + 5 mM CaCl; pH 6.5).

On the other hand, glucose can also be considered as a fuel for the generation of electrical
power, as already introduced for (photo)-biofuel cells.*!%#!183188 Tq evaluate the
performance of our biohybrid system as a photoanode we have recorded I-V curves under
continuous illumination with a maximum intensity of 100 mW c¢m in the presence of
glucose (Figure 6). The maximum current (Imax) corresponds to 44.7 + 6.5 pA cm™ and
the open circuit potential (OCP) is found to be -0.315 = 0.007 V vs Ag/AgCl, 1 M KCI.
The maximum power output is determined to be around 10.5 uW cm™ at -0.232 V vs Ag/
AgCl, 1 M KCI. From that data the fill factor (compares the maximum power output with
the product of OCP and maximum current) is calculated to be 0.66 = 0.02. This
demonstrates that high efficiency can be found at the redox potential of the enzyme but
also that electrons from the biocatalytic reaction can already be transferred to the
electrode about 0.1 V below this potential (by assuming a redox potential between -0.188
and -0.226 V vs Ag/AgCl, 1 M KCI).*1%2% Since no anodic current is found in the dark
(Figure S11, SI), this can be attributed to the utilization of light energy to drive the
biocatalytic reaction and is realized by the efficient charge carrier separation at the
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polymer/TiO; interface. In comparison, flat FTO|PMSA1|PQQ-GDH electrodes allow the
first gain of electrons from the biocatalytic reaction in the dark only when potentials more
positive than -0.07 V vs Ag/AgCl, 1 M KCl are applied (Figure S12, SI), which is in good
agreement with previous reports on IO-ITO electrodes.”®® Accordingly, the IO-
TiO2]PMSA1[PQQ-GDH biohybrid architectures give rise to lowering of the working
potential of about 200 mV due to the light-harvesting feature, which reflects an advantage
of light-sensitive electrodes over light-insensitive electrodes for power supply.

By continuously illuminating the IO-TiO2|PMSA1|PQQGDH electrodes with a maximum
light intensity of 100 mW cm™ for 30 min, a strong difference between the situation in
the absence or presence of glucose is found (Figure S13, SI). While 27.3 mC cm™ are
transferred to the electrode in the presence of glucose, only 3.3 mC cm are collected in
the absence of substrate. This shows the necessity to feed the photoelectrochemical
reaction with electrons from the biocatalytic glucose oxidation for an enhanced

generation of electrical power.

By assuming that only PMSA1 contributes to the photocurrent and excluding the
scattering effects of the electrode, the internal quantum efficiency (IQE) can be calculated
from the UV/vis spectra of PMSA1 in buffer solution corrected for the amount of polymer
within the three-layered 10-TiO> electrodes. At a potential of 0 V vs Ag/AgCl, 1 M KCI
and a wavelength of 460 nm, an IQE of 2.2 and 2.7% has been determined in the absence
and presence of glucose, respectively, which is indicative of an improved efficiency as a
result of the biocatalytic reaction.

Compared with other photobioelectrochemical anodes using glucose as fuel, the overall
performance of the I0-TiO2[PMSA1| PQQ-GDH electrode is higher and provides a step
toward the utilization of light-driven biosensors and biofuels cells.?>#3168:30 However,
the photocurrent is currently moderate and needs further optimization to achieve light-
driven biohybrid systems with higher efficiencies, but seems to be already useful for light-
triggered sensing.

This approach is particularly promising because a variety of redox enzymes has already
been shown to interact with sulfonated polyanilines, giving access to the light-triggered

32339539 Also, the good

oxidation of a large number of different substrates.
biocompatibility of TiO2 and polyanilines represents an advance to other
photoelectrochemical systems, which are based on toxic light-sensitive materials or

mediators.

Conclusions

The present study has introduced an approach for the construction of a light-driven
biohybrid architecture based on I0-TiO; electrodes, PMSA1 as light-sensitive element
and wiring agent, and PQQ-GDH. Therefore, a spin-coating protocol for the preparation
of IO-TiO: electrodes with scalable height and open pores of 650 nm diameter has been
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established. The final electrodes have shown to provide a suitable platform for the
integration of polymer and enzyme due to the advantageous surface morphology. The
addition of glucose results in enhanced anodic photocurrents, demonstrating the
functionality of the light-induced signal chain, starting from the biocatalytic glucose
oxidation and subsequent electron transfer via the polymer to the 10-TiO; architecture.
The magnitude of the glucose-dependent signal is concentration-dependent and can be
controlled by the number of IO-TiO» layers. Compared with flat and nanostructured TiO>
electrodes, a significant higher integration of polymer and enzyme is realized by using
IO0-TiO; architectures, resulting in enhanced photocurrents for an improved light-to-
current conversion. Furthermore, the reported biohybrid architecture allows
photobioelectrocatalytic glucose oxidation at potentials below the redox potential of the
enzyme and therefore gives access to an increased power output if glucose is used as the
fuel. We anticipate that this approach will push forward the development and design of
new concepts for combining biocatalytic features of enzymes with the photophysical

properties of light-sensitive entities for advanced photoelectrochemical applications.
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4.4  Light as Trigger for Biocatalysis: Photonic Wiring of Flavin
Adenine Dinucleotide-Dependent Glucose Dehydrogenase
to Quantum Dot-Sensitized Inverse Opal TiO, Architectures
via Redox Polymers™

Authors: M. Riedel, W. J. Parak, A. Ruff, W. Schuhmann and F. Lisdat

Abstract: The functional coupling of photo-active nanostructures with enzymes creates
a novel strategy for the design of light-triggered biocatalysts. This study highlights the
efficient wiring of FAD-dependent glucose dehydrogenase (FAD-GDH) to PbS QD-
sensitized inverse opal TiO; electrodes (I0-Ti0;) by means of an Os-complex-containing
redox polymer for the light-driven glucose oxidation. A new template approach for the
construction of I0-TiO2 scaffolds has been developed, enabling the tunability of the
surface area and a high loading capacity for the integration of QDs, redox polymer and
enzyme. The biohybrid signal chain can be switched on with light, generating charge
carriers within the QDs, triggering a multistep electron transfer cascade from the enzyme
towards the redox polymer via the QDs and finally to the IO-TiO; electrode. The resulting
anodic photocurrent can be modulated by the potential, the excitation intensity, and the
glucose concentration, providing a new degree of freedom for the control of biocatalytic
reactions at electrode interfaces. Maximum photocurrents of 207 pA cm™ have been
achieved in the presence of glucose and a first gain of electrons from the biocatalytic
reaction is found at -540 mV vs. Ag/AgCl, 1 M KCl, which lowers the working potential
by more than 500 mV as compared to light-insensitive electrodes. The biohybrid system
combines the advantages of a high surface area of 10-films, an efficient charge carrier
generation and separation at the QDs/TiO> interface, and an efficient wiring of FAD-
GDH to the QDs via a redox polymer, resulting in photo(bio)anodes of high performance
for sensing and power-supply.

Introduction

Mimicking photosynthetic proteins by combination of light-insensitive enzymes with
artificial light-harvesting entities in a functional biohybrid system has gained great
interest in the last decade.?!%168:83:360 Sych approaches combine both, biocatalytic activity
and photophysical properties in one integrated system with potential applications for
sensing,*341*  light-to-current,”1?783:137.136  or Jight-to-chemical conversion.?!%24!:138
Introducing light-sensitivity offers the possibility to switch on/off enzymatic reactions

and thus to manipulate electron transfer reactions at electrode interfaces, but can also be

** Published in ACS Catalysis: M. Riedel, W. J. Parak, A. Ruff, W. Schuhmann and F. Lisdat. Light as
Trigger for Biocatalysis: Photonic Wiring of Flavin Adenine Dinucleotide-Dependent Glucose
Dehydrogenase to Quantum Dot-Sensitized Inverse Opal TiO, Architectures via Redox Polymers. ACS
Catal., 2018, 8 (6), pp 5212-5220. DOI: 10.1021/acscatal.8b00951. Copyright © American Chemical

Society 2018
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useful for bioenergetics. Light triggers the generation of electron-hole pairs within the
light-sensitive entity and thus, allows electron transfer reactions from the enzyme towards
the light-sensitive element to the electrode (anodic direction) or vice versa (cathodic
direction).

82,415,168 6

Besides nanomaterials such as dyes, gold nanoclusters,'* and polymers*'® or
biomolecules such as photosynthetic proteins (e.g. photosystem I (PSI))*47:83108.109
particularly quantum dots (QDs)***** have been used for photonic wiring of light-
insensitive enzymes. Therefore, first the light-sensitive entity needs to be attached to the
electrode, which is often realized via electrostatic attraction, chemisorption, or covalent

413

binding. However, QD-based approaches are often limited by particle

361,362 and the stabilizing ligands,'!” influencing not only particle assembly,

aggregation
but also the interaction with enzymes. An alternative way can be seen in the synthesis of
QDs directly on top of the electrode material via successive ionic layer adsorption and
reaction (SILAR).!!3*17418 This easy and low-cost procedure allows to control the QD
growth by means of the number of SILAR cycles and pass over the needs for surface

ligands.

The design of efficient photo-reducing or oxidizing systems are based on a biocatalyst
electronically linked to a light-harvesting entity. First approaches have exploited the
activity of the light-active element itself for the detection of enzymatic co-substrates or
products, giving information about the enzyme activity and analyte
concentration. 979513939 [ntil now, only a few examples have demonstrated the direct
or mediated electron transfer between enzymes and the light-active entities in a light-

directed operation 96,82,89,83,168,360,416

However, most of these approaches are characterized by some drawbacks: e.g. limited
wavelength excitation range, the need for freely diffusing mediators or a low efficiency
for the light-to-current conversion. The efficiency is often limited by an insufficient
charge-carrier separation as a result of recombination processes at the
electrode/photoactive entity interface. In nature, the electron/hole separation has been
optimized by a cascade of electron transfer steps, resulting in higher quantum efficiencies.
Such pathways can be simulated in artificial systems by combination of different
semiconducting materials. Here, a large band gap semiconductor (e.g. TiO2) with a
conduction band acting as electron trap for excited electrons of a second visible-light
sensitive semiconducting material (e.g. QDs, dyes or polymers) has proven to be

promising for solar cell and photocatalytic applications,*36-387-3!1

Another optimization parameter arises from the electronic linkage of the light-sensitive
entity to the biocatalyst. Even if the direct electron transfer with biocatalysts is a desired
task, such electrodes often lack in efficiency due to inhomogeneous orientation of the
enzyme and the restriction of enzyme immobilization to a monolayer. One strategy to

overcome such limitations can be the entrapment of the enzyme within a redox-active
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polymer.*19391:2% The biocatalysts are efficiently wired within the polymer matrix
independent of the orientation. A further efficiency boost can be expected if

enzyme/redox polymer matrices are integrated into 3D electrode architectures.!6-13

Here, we report on a novel high-performance glucose oxidizing photoanode, which
combines the advantages of efficient charge carrier separation within a multicomponent
semiconductor electrode, and the efficient wiring of the biocatalyst via a redox polymer
to QDs in a functional system. Therefore, a new strategy for the construction of
hierarchical invers opal TiO» architectures has been investigated. Visible-light sensitivity
has been introduced by the growth of PbS QDs via a SILAR approach directly on top of
the I0-TiO; electrodes. Finally, FAD-GDH has been integrated within the architectures
by means of a redox polymer, resulting in an efficient linkage of the biocatalyst to the
QDs. The 10-TiO2|PbS|Pos]FAD-GDH architectures demonstrate the potential of light-
driven electron transfer chains. Here the electrons are transferred via several steps from
the enzyme via the redox polymer towards the QDs and finally to the IO-TiO> electrode,

giving access to pronounced glucose-dependent anodic photocurrents.

Experimental section

Materials. [N-(2-hydroxyethyl)piperazine-N-(2-ethansulfonic acid)] (99.5%; HEPES),
D-glucose, fluorine-doped tin oxide-coated glass slides (7 Q cm™'; FTO), lead(II) nitrate
(99.999%; Pb(NOs3)2), ammonium sulfide solution (20% in H2O; (NH4)2S), polystyrene
latex beads (LBs, diameter 0.8 um) and titaniumtetraisopropoxide (97%; TTIP) were
purchased from Sigma-Aldrich (Steinheim, Germany). Poly(1-vinylimidazole-co-
allylamine)-Os(bipy)Cl-redox polymer has been synthesized as reported before.**° FAD-
dependent glucose dehydrogenase from Aspergillus sp. has been obtained from SEKISUI
CHEMICAL.

Construction of 10-TiO: electrodes. Firstly, FTO-coated glass slides have been
successively immersed in deionized water, isopropanol and acetone for 15 min each under
ultrasonification. The cleaned slides have been dried before further use. A mixture of
100 mgmL!' latex beads (LB; 0.8 um  diameter) and 100 mgmL’
titaniumtetraisopropoxide (TTIP) in isopropanol has been prepared: Therefore, 200 puL of
aqueous 100 mg mL! LB dispersion was mixed with 800 uL ethanol and centrifuged at
25000 g for 8 min in order to remove the water. The supernatant has been discarded and
the LB pellet has been suspended in 1 mL ethanol followed by one second centrifugation
at 25000 g for 8 min. After removing the supernatant the pellet has been suspended in
180 uL isopropanol in an ultrasonication bath for 5 min. Finally, 20 uLL TTIP has been
added fast to the LB suspension, which has been again ultrasonicated for 5 min.
Afterwards 6 pL per layer of the LB/TTIP-mixture has been dropped onto the cleaned
FTO slides and spin coated at 80 rps with a waiting time of 15 s between the deposition
steps. The electrode area has been then limited to 0.071 cm? by wiping away the
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superfluous material. The prepared electrodes have been sintered at 450°C under air for
2 h, resulting in the final IO-TiO; electrodes. Flat TiO electrodes have been prepared
identical like the I0-TiO; electrodes, but without LBs.

Synthesis of PbS QDs. PbS QDs have been directly synthesized on the final 10-TiO>
electrodes with a SILAR approach.!!3#!7418 Therefore, the electrodes have been
alternately immersed in aqueous 0.02 M Pb(NOs3); and aqueous 0.02 M (NH4)2S for I min
each, starting the SILAR process with the Pb?>" precursor. Between the deposition steps
the electrode has been carefully rinsed with deionized water and ethanol in order to
remove unbound precursors. In this respect one cycle is defined as one reaction with Pb**
and S%, respectively. 10-TiO,|PbS electrodes with up to 8 cycles have been prepared
according to this procedure.

Assembly of redox polymer and FAD-GDH. 4 pL of a mixture containing 5 mg mL"!
Poly(1-vinylimidazole-co-allylamine)-Os(bipy).Cl-redox polymer and 5 mg mL™! FAD-
GDH in 5 mM HEPES pH 7 has been directly drop casted on the I0-TiO2|PbS electrode
and allowed to incubate for 15 min at room temperature in the dark. The drop spread over
the whole 10-film, indicating the filling of the pores with Pos and FAD-GDH due to
capillary forces. Subsequently, the modified electrode has been extensively rinsed with
buffer in order to remove unbound material.

SEM and HR-TEM experiments. Scanning electron microscopy (SEM) measurements
have been performed with a JSM-6510 from JEOL at an acceleration voltage of 30 kV
with a 2500-fold, 8000-fold, and 25000-fold magnification. The layer height of the 10-
TiO2 electrode has been determined by scratching away a part of the structure and
recording the 1O0-film under an angle of 45° with a 2500-fold magnification. HR-TEM
measurements have been performed with a FEI TITAN 80-300 transmission electron
microscope (TEM).

Photoelectrochemical experiments. Photoelectrochemical measurements have been
performed with an integrated photoelectrochemical workstation from Zahner, containing
a potentiostat for the light control and a second potentiostat (Zennium) for the
electrochemical control. For the illumination a white light source (410-800 nm) has been
used unless stated otherwise. Wavelength-resolved measurements have been performed
with a monochromator (Polychrome V, Till Photonics) with a bandwidth of 15 nm. All
electrochemical experiments have been performed in a homemade electrochemical cell
with a three-electrode arrangement, consisting of an 10-TiO, working electrode, a
platinum wire as counter electrode, and an Ag/AgCl, 1 M KCl reference electrode.

Results and discussion

The artificial signal chain is depicted in Scheme 1 consisting of three components: 1) a
light-active component (TiO: electrode and PbS QDs), 2) an electron shuttling component
between the QDs and enzyme (Os-complex modified polymer, Pos), and 3) a biocatalytic
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component (FAD-dependent glucose dehydrogenase, FAD-GDH). Under illumination
with visible light the signal chain is switched on and electrons from the enzymatic glucose
conversion are transferred from the enzyme towards Pos to the QDs and finally to the
Ti0; electrode with a concomitant generation of an anodic photocurrent. The TiO2/QD
interface is of importance for the light-directed functionality of the whole biohybrid
system, since electron-hole pairs are firstly generated within the QDs and are
subsequently efficiently separated at the TiO> electrode via injection of excited electrons
from the QD into the TiO2 conduction band.**! If the light source is switched off, no free
charge carriers are available within the semiconductor (QD) and the signal chain is
interrupted with no current flow. In the dark the redox polymer remains completely
reduced due to the lack of light-directed oxidation, thus the enzyme can no longer transfer
electrons and is switched off. Therefore, the whole IO-TiOz|PbS|Pos[FAD-GDH
architecture can be controlled with light as trigger for glucose oxidation.

10-TiO,
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Scheme 1 Schematic illustration of (A) the electron transfer steps within the light-driven signal
cascade and (B) the energetic level E of TiO,, PbS QDs, the osmium-containing redox polymer
(Pos) and of the FAD-dependent glucose dehydrogenase (FAD-GDH). For FAD-GDH a redox
potential of free FAD has been assumed, since the redox potential of the enzyme is not yet known.
VB = valence band, CB = conduction band.

Synthesis and characterization of the light-sensitive entity. The light-sensitive entity
consisting of TiO2 and PbS QDs has been successively synthesized on a transparent
fluorine-doped tin oxide (FTO) electrode. Firstly, we have established a new procedure
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for the construction of TiO; electrodes with a macroporous inverse opal structure. TiO»
has been chosen due to its favorable energetic states, which promote the charge carrier
separation within the QDs and thus, increase the light-to-current efficiency.!'* The
application of a macroporous structure is assumed to be beneficial for the stable
integration of a large amount of polymer and enzyme.

The I0-TiO: electrodes have been prepared using a template approach: By spin-coating
a mixture of latex beads and titaniumtetraisopropoxide (TTIP) onto a cleaned FTO slide,
followed by a sintering step, an inverse opal TiO» scaffold is formed (see details in

experimental section).

The morphology of the final 10-TiO; electrodes has been investigated with scanning
electron microscopy. As illustrated in Figure 1A the procedure results in an inverse opal
TiO, film with pores with a diameter of around 650 nm. The pores are open and
interconnected with differently sized channels. This procedure allows scalability of the
electrode height by deposition of several layers without the need for a sintering step
between the layers while maintaining its unique morphology. Up to 8 layers have been
deposited, resulting in IO-films with a maximum height of 9+ 0.7 um. In the range
between 2 and 8 layers the height per layer is found to increase linearly (1.2 + 0.1 pm per
layer) without indication of a limitation (SI, Figure S1E). Control experiments of
electrodes prepared without latex beads show that both, TTIP and latex beads, are needed
for the successful construction of the I0-TiO; film (SI, Figure S1).

The optical features of the 10-TiO; electrodes have been investigated with UV/VIS
absorption spectroscopy. The 10-TiO: films are of high transparency, which decreases
linearly with increasing number of layers (SI, Figure S2&S3). Interestingly, the
transmittance of the IO-film is found to be noticeably higher than the planar TiO> film
(prepared without LB, SI Figure S4), which can be attributed to the absence of dense
agglomerates within the I0-TiO; structure. In comparison to 10-films prepared in a
template approach with TiO2 nanoparticles the structures produced in this work show a
higher transparency.*!®#242 This significantly expands the field of applications of our
IO-films. Also the fast construction and easy scalability of the electrodes is a clear

advantage compared to other approaches.?*% 40

The PbS QDs have been synthesized directly on top of the IO-TiO: film with a SILAR
approach as reported before.!'3*8 For this, the electrode is immersed alternately in Pb**
and S* containing solutions, resulting in a growth of PbS QDs with increasing number of
cycles (a cycle is defined as one reaction with Pb?" and S*, respectively). The successful
synthesis of the QDs within the I0-TiO; electrode can be confirmed by a coloration of
the structure from white to brown. The UV/VIS absorption spectra of a 4 layered I0-TiO»
electrode exhibit an increase of the absorbance over the whole visible wavelength range
with increasing number of cycles from 2 up to 8 cycles (SI, Figure S5). High resolution
(HR)-TEM measurements show that the QDs reach a diameter between 3 and 4 nm after
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4 cycles (Figure 1B), which is in good agreement with a previous report.*!8 According to
this the band gap is in the range of 1.92 — 1.47 eV.**" Consequently, the energy gained
during illumination is high enough to inject excited electrons into the conduction band of
Ti02*%642! and thus, to provide visible light sensitivity for the light-driven signal chain.

Figure 1 (A) SEM image of an I0-TiO; electrode under an angle of 45° with a 2500-fold
magnification by applying an acceleration voltage of 30 kV. Inset: Top view with a 25000-fold
magnification. (B) HR-TEM image of PbS QDs synthesized on 10-TiO; electrodes.

Next the functionality of I0-TiO,|PbS electrodes has been investigated in
photochronoamperometric measurements at 0 mV vs. Ag/AgCl, 1 M KCI using a white
light source without a UV share (410 — 800 nm). Therefore, the photocurrent response of
a 4 layered I0-TiO; electrode before and after deposition of PbS QDs (4 cycles) in buffer
has been compared (SI, Figure S6). As expected no photocurrent response is obtained for
the pure 10-TiO; (which can be attributed to the large band gap of TiO2, enabling only
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excitation at a wavelength <400 nm).>*¢ In contrast, a pronounced anodic photocurrent is
found for the IO-TiO2|PbS4cycle system, demonstrating the successful visible-light
sensitization of the electrode.

Integration of the biocatalytic entity. As biocatalyst FAD-GDH from Aspergillus sp.
has been used, which catalyzes the oxidation of D-glucose to D-gluconolactone. The

2B3* containing poly(1-

wiring of the enzyme has been realized with the Os
vinylimidazole-co-allylamine)-Os(bipy)Cl-redox  polymer, which has already
demonstrated a good interaction with various biocatalysts.®*!3742* We have chosen this
redox polymer due to its favourable redox potential and chemical properties. Here, it has
to be mentioned that Pos does not only enable an intermolecular electron exchange with
the enzyme, but also charge transfer within the polymer as an electron hopping

23" moieties. Furthermore, the functional groups

mechanism between the redox-active Os
of Pos (amino group and imidazole group) cause a cationic nature of the polymer at pH 7,
which should also be beneficial for the electrostatic interaction with the negatively
charged enzyme (pI 4.4)'". The amino groups are further expected to favor the anchoring
of Pos to the QD surface*®**?> and thus to stabilize the QDs and the polymer within the

[O-film.

For the integration of Pos and FAD-GDH into the IO-TiO2|PbS architecture a mixture of
both is drop-casted on top of the electrodes and incubated in the dark (for details see
experimental section). Figure 2A shows the photocurrent response of the final 4 layered
IO-TiO2|PbSa4cycie|Pos]FAD-GDH electrode before and after addition of glucose. While in
buffer anodic photocurrents of 8.2 +2 uA cm™ are obtained, the presence of glucose
results in a 2-fold enhancement of the signal (17 £ 2.4 uA cm™), giving a first hint for the
functional construction of the biohybrid architecture. In this respect no dark currents have
been observed, which can be explained by the blocking behavior of the TiO,-film.

In order to clarify the origin of the glucose-dependent photocurrent modulation and the
mechanism of the whole light-driven signal chain, we have performed a set of control
experiments. Neither the IO-TiO2[PbSacycie[Pos electrodes without FAD-GDH nor the IO-
T102|PbS4cycie FAD-GDH electrodes without polymer show a signal response after
addition of glucose (SI, Figure S7&S8). This confirms that both, Pos and FAD-GDH, are
needed to provide the biocatalytic activity and the efficient wiring to the IO-TiO,|PbS
electrode. Interestingly, [O-TiO2|Pos|FAD-GDH electrodes without PbS QDs yield small
anodic photocurrents of 0.5+ 0.1 uA cm? and 1+0.3 pA cm™ in the absence and
presence glucose, respectively. This can be explained by a direct excitation of Pos under
illumination with visible light (see UV/VIS absorption spectrum SI, Figure S14),
resulting in an electron injection from Pos into the conduction band of TiO: as previously
reported for osmium-containing dyes.**® However, the signal response of this signal chain

f The information on the pl of the enzyme is given by the supplier of FAD-GDH.
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is found to be 17-fold smaller than of electrodes with QDs and thus is significantly less
efficient for the photoelectrochemical glucose oxidation. Consequently, the whole 10-
TiO2|PbS4cycie|Pos|FAD-GDH architecture gives rise to an efficient Pos/QD-interaction as
the dominant electron transfer pathway, while the direct interaction between TiO2 and Pos
has only a minor contribution. All control experiments indicate an electron transfer
cascade of the I0-TiO2/PbSscycic|Pos]FAD-GDH biohybrid system as illustrated in

Scheme 1.
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Figure 2 (A) Photochronoamperometric measurement of 4 layered 10-TiO; electrodes after
different modification steps: (a) blank I0-TiO, electrode; (b) IO-TiO2|PbS4cycie|Pos|FAD-GDH in
buffer; (c) 10-TiO:[PbSscycie|Pos] FAD-GDH after addition of 10 mM glucose; (d) IO-
TiO2|PosFAD-GDH without QDs in buffer; (e) 10-TiO;[Pos|FAD-GDH without QDs after
addition of 10 mM glucose. (white light source is switched on from 10 s to 20 s; 10 mW cm?;
0 mV vs. Ag/AgCl, 1 M KCI; 5 mM HEPES pH 7) (B) Chopped light voltammetry of a 4 layered
10-TiO2/PbS4cycie| Pos] FAD-GDH electrode in the presence and absence of 10 mM glucose. (white
light source; 10 mW c¢m™; potential vs. Ag/AgCl, 1 M KCI; 5 mV s'; 5 mM HEPES pH 7) (C)
Photochronoamperometric measurement and photocurrent density (inset) of a 4 layered 10-
TiO2|PbS4cycie|Pos]FAD-GDH electrode at different light intensities in the absence and presence of
10 mM glucose. (chopped white light source; 0 mV vs. Ag/AgCl, 1 M KCl; 5 mM HEPES pH 7)
(D) Wavelength-dependent photocurrent density of a 4 layered 10-TiOx|PbSacycie|Pos|FAD-GDH
electrode in the absence and presence of 10 mM glucose. (0 mV vs. Ag/AgCl, 1 M KCI; 5 mM

HEPES pH 7)

Subsequently, the properties of 4 layered 10-TiO2|PbS4cycle|PoslFAD-GDH electrodes
have been evaluated in additional photoelectrochemical experiments. As depicted in
Figure 2B, chopped light voltammetry measurements under illumination with 10 mW cm”
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2 show exclusively anodic photocurrents and reveal the unidirectionality of the system. In
the whole potential range between -500 mV and 0 mV vs. Ag/AgCl, 1 M KCI a strong
increase of the signal can be achieved by addition of 10 mM glucose. The glucose-
dependent component of the photocurrent increases with rising potential and levels off at
-200 mV vs. Ag/AgCl, 1 M KCI.

The photocurrent response can be modulated by the light intensity used during
illumination (Figure 2C). Enhancing anodic signals have been obtained with
increasing excitation intensities in the range between 1 mW cm™ and 100 mW cm’
2, achieving maximum photocurrents of 40.1 £6.4 pA cm? and 114.5+
3.7 nA cm? in buffer and 10 mM glucose, respectively. The biocatalytic glucose
turnover is found to distinctly improve the light-to-current conversion and
demonstrates that the QDs can even be supplied with enzymatic electrons at high
excitation intensities i.e. high turnover rates at the QD/Pos interface. In this context,
wavelength-dependent measurements with and without glucose show the wide
excitation range found for the IO-TiO2|PbS4cycie|Pos| FAD-GDH electrodes (Figure
2D). The biohybrid system displays a strong glucose sensitivity in the visual range

between 400 nm and 700 nm.

Stability measurements over 30 min in a pulse mode with 20 s light pulses reveal the
excellent stability of the biohybrid architecture, showing no decrease of the photocurrent
in the presence of 10 mM glucose (SI, Figure S9). Even after rinsing the electrode with
high ionic strength buffer (5 mM HEPES + 200 mM KCI pH 7) for 2 min the light-
directed functionality remains preserved, showing 94% (Al = 10.2 uA cm™) of the
glucose-dependent photoresponse without treatment. Obviously, the 10-TiO; electrode
provides a favourable surface for the stabilization of all components within the IO-film.
The importance of the electrode morphology for the functionality can also be confirmed
by comparing the photoelectrochemical response of 10-TiO2[PbS4cycie|Pos]FAD-GDH
electrodes with flat TiO2|PbSacycle|PosFAD-GDH electrodes, resulting in low
photocurrent stability, magnitude and smaller glucose response (SI, Figure S10).
Furthermore, we suppose a protection of the QDs from degradation at moderate light
intensities by the redox polymer in combination with the biocatalytic electron supply,
since pure [10-TiO2[PbS electrodes without polymer and enzyme yields a rather fast
photocurrent decline (SI, Figure S9).

Influence of SILAR cycle number and 10-TiO:2 layer number. Next, factors such as
the number of SILAR cycles, the number of 10-TiO; layers and their influence on the
photoelectrochemical response of the biohybrid system have been evaluated. Initially,
4 layered 10-TiO2|PbS|Pos]FAD-GDH electrodes prepared with different number of
SILAR cycles (0, 2, 4, 6 and 8 cycle) have been compared. Figure 3A illustrates the
photocurrent density change after addition of 10 mM glucose. The photoresponse in the
presence of glucose shows a continuous signal magnification with rising cycle number.
The enhanced photocurrent per SILAR cycle can be explained by the increasing
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absorbance of the PbS QDs with every cycle (SI, Figure S5), leading to a higher photon
absorbance yield. Furthermore, the increased deposition of QDs results in a larger
interface for the interaction with Pos and is expected to improve the signal output. This is
also reflected by an improved external quantum efficiency (EQE) with increasing number
of SILAR cycles (Table 1).
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Figure 3 (A) Photocurrent density change Al and (B) photocurrent pulse of 4 layered 10-
TiO2|PbSxcycte|Pos FAD-GDH electrodes for different number of SILAR cycles after addition of
10 mM glucose. (C) Photocurrent density change Al and (D) photocurrent pulse of I1O-
Ti02|PbS4cycie|Pos] FAD-GDH electrodes for different number of 10-TiO; layers after addition of
10 mM glucose. Inset: Photocurrent density of the respective electrodes in buffer. (white light
source switched on for 10 s; 10 mW cm?; 0 mV vs. Ag/AgCl, 1 M KCI; 5 mM HEPES pH 7)

Figure 3C shows the photoresponse of 10-TiO2[PbS4cycie|Pos|FAD-GDH electrodes for
different numbers of 10-film layers. The photocurrent density change after addition of
10 mM glucose rises linearly with 2.9+ 0.2 pA cm™ per layer, when the electrode
thickness is increased. Also an increasing EQE with the layer number has been found
(Table 1). The results suggest that the increasing surface area per layer can be exploited
for the growth of the QDs, as well as for the integration of enzymes and polymers without
any indication of a limitation. Even for IO-films with a height of 10 pm (8 layer) the
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propagation of light within the structure seems to be little affected, which can be attributed
to the high transparency of the IO-TiO> films. Accordingly, the biohybrid approach
presented here allows for good scalability through the number of IO-film layers
deposited, giving rise to a tunable photoelectrochemical response.

Table 1 EQE of IO-TiO,[PbS|Pos[FAD-GDH electrodes in dependence of the number of SILAR
cycles and the number of I0-TiO, layers in the presence of 10 mM glucose, under illumination
with 10 mW c¢m? with a white light source and by applying 0 mV vs. Ag/AgCl, 1 M KCI. For the
investigation of the cycle dependence 4 layered 10-TiO; electrodes have been used, while for the
layer dependence 4 SILAR cycles have been applied.

No. cycle layer

0 | 0.023+0.007 -

2 0.1+£0.002 0.12+0.01
4 10.38+0.05 0.38 £0.05
6 | 0.43+0.05 0.57+0.11
8 10.52+0.09 0.72 £0.08

Performance of IO-TiOz|PbS|Pos|FAD-GDH electrodes. To evaluate the performance
of the biohybrid architecture, further photoelectrochemical experiments have been
performed with 8 layered 10-TiO2|PbSacycie|PosfFAD-GDH electrodes. As illustrated in
Figure 4A concentration-dependent measurements have been carried out by gradually
increasing the glucose concentration (at 0 mV vs. Ag/AgCl, 1 M KCI and using an
excitation intensity of 10 mW cm™). The biohybrid architecture shows a first signal
response of 0.61 = 0.19 uA cm™ at low substrate concentrations of 10 pM and increases
up to 29.2 = 2.8 uA cm at 100 mM glucose. The photocurrent response is found to be
linear between 10 pM and 200 uM glucose, reaching a sensitivity of 31 pA mM™! cm™.
The concentration dependency follows the Michaelis-Menten kinetics and the apparent
Kwm,app 1s determined to be 2.9 + 0.5 mM. Thus, the Kwm app value of our light-controlled
biohybrid system is lower than the value reported by the supplier (50 mM), but
comparable to previous reported Km,pp values for fungal FAD-GDH immobilized on
light-insensitive  electrodes (4 - 40 mM). 72330230 Compared to other
photoelectrochemical sensors using glucose as analyte the 10-TiO2|PbSacycie|Pos|FAD-
GDH electrodes provide higher sensitivity, a larger dynamic measuring range, and pass

over the needs for freely diffusing co-substrates or redox mediators,3%97-13%:168,360

In order to evaluate the suitability as photo(bio)anode for the construction of (photo)-
biofuel cells, we have characterized the 8 layered 10-TiO2[PbSacycie|Pos]FAD-GDH
electrodes with respect to their maximum performance in the presence of 100 mM
glucose. In the inset in Figure 5A, the influence of the excitation intensity on the
photoresponse is shown. A saturation-type behavior is found, reaching already a half
maximum current at 29 mW cm™.
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Figure 4 (A) Photochronoamperometric measurement and (B) photocurrent density change Al of
8 layered 10-TiO:2|PbSscycie|Pos]FAD-GDH electrodes before and after addition of different
glucose concentrations. (white light source chopped in 10 s intervals; 10 mW c¢cm™2; 0 mV vs.
Ag/AgCl, 1 M KCl; 5 mM HEPES pH 7)

By recording I-V curves under continuous illumination (100 mW ¢m™) a maximum
current (Jmax) of 207 £ 17 pA ecm™ and open circuit potential (OCP) of -540 + 14 mV vs.
Ag/AgCl, 1 M KCI has been determined (Figure 5B; for measurements without glucose
or illumination we refer to the SI, Figure S11). A maximum power density of 31.3 £2.7
pW cm? is achieved at -287 = 80 mV vs. Ag/AgCl, 1 M KCl and the fill factor (FF) is
calculated to be 0.28 £+ 0.002. These results display the high performance of the
photo(bio)anode for glucose oxidation, which can be attributed to the favourable
combination of light-harvesting functionality and high biocatalytic activity. Remarkably,
the biohybrid architecture allows a first gain of electrons from the biocatalytic reaction at
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Figure 5 (A) Photochronoamperometric measurement of an 8 layered I0-TiO;[PbSacycie|Pos|FAD-
GDH electrode under continuous illumination with stepwise enhancement of the light intensity
from 0 mW c¢cm™ up to 100 mW cm? in 100 mM glucose. (white light source; 0 mV vs. Ag/AgCl,
1 M KCl; 5 mM HEPES pH 7) (B) Current and power density of an 8§ layered 1O-
TiO2|PbS4cycie|Pos FAD-GDH electrode in dependence of the applied potential and under
continuous illumination with 100 mW cm in the presence of 100 mM glucose. The maximum
power output has been determined by using the 8 layered 10-TiO:[PbSscycie|Pos] FAD-GDH
electrode as a working electrode, a Pt wire as counter electrode and an Ag/AgCl, 1 M KCI
reference electrode. (white light source; 100 mW cm?; potential vs. Ag/AgCl, 1 M KCl; 5 mV s
'; 5 mM HEPES pH 7)

quite negative potentials of -540 mV vs. Ag/AgCl, 1 M KCI, which to our knowledge has
never been reported before. In contrast, flat FTO|Pos]FAD-GDH electrodes without TiO>
and PbS QDs (i.e., without light sensitivity) show a first deduction of biocatalytic
electrons in the dark at a potential of around +50 mV vs. Ag/AgCl, 1 M KCI (SI, Figure
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S12). This corresponds to an improvement of the potential of more than 500 mV by using
the 10-TiO2|PbS4cycie[Pos|FAD-GDH  architecture and light-directed read-out.
Consequently, the biohybrid architecture provides both, a high driving force for the
withdrawal of electrons from the enzyme by the redox polymer and a low working
potential under illumination, resulting in a unique light-directed electrode arrangement
with high performance. Long-term experiments with glucose in solution and under
illumination with high intensity (100 mW c¢m™) reveal a rather constant electron transfer
rate at the electrode, yielding a transferred charge of 220 mC c¢cm™ in 30 min (SI, Figure
S13).

Under these conditions the cumulative anodic photocurrent output in the presence of
glucose is found to be at least 70-fold higher than in previous studies with immobilized
light-sensitive entity and enzyme on rather flat electrodes®>%**% and 5-fold higher than
on 3D electrodes.*!® This can be attributed to the high surface area of the I0-TiO:
architectures, but also to the efficient charge carrier generation and separation at the
QD/Ti0; interface and the efficient wiring of FAD-GDH to the QDs via Pos. Thus, our
developed architecture gives access to an overall improved photo(bio)anode and may
stimulate the interest in developing light-triggered biosensors, solar-to-energy and solar-
to-chemical converting biohybrid devices.

Conclusion

In summary, this work has introduced a new concept for the coupling of biocatalytic
reactions to the light-triggered read-out of QD electrodes. Here, a procedure for the
scalable construction of I0-TiO; electrodes has been established, serving as electrode
platform for the integration of PbS QDs, a redox polymer, and FAD-GDH. Under
illumination electron-hole pairs are generated within the PbS QDs and separated at the
Ti0: interface, leaving behind holes which oxidize Pos. As a result of glucose turnover
Pos becomes regenerated, supplying the photoelectrochemical reaction with new
electrons from the biocatalytic reaction for an enhanced photocurrent output. The signal
response can be modulated by the potential, the light-intensity, and the wavelength used
during illumination, allowing the accurate control of the biohybrid system. Increasing
glucose-dependent photocurrents have been obtained with rising QD loading and
electrode height, showing a concentration-dependent behavior between 10 uM and
50 mM glucose. A first gain of electrons from the biocatalytic reaction has been found at
a quite negative potential of around -540 mV vs. Ag/AgCl, 1 M KCl, giving access to the
design of high performance photobioelectrochemical cells using glucose as fuel.

Such light-driven biohybrids are desirable due to their unique electrode properties,
combining the photophysical features of the 10-TiO|PbS electrode for charge carrier
generation and separation with the efficient wiring of a specific enzymatic reaction via a
redox polymer. This approach provides the basis for the efficient photonic wiring of other

light-insensitive biocatalysts for light-directed sensing and power-supply.
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5  Discussion

In the following chapter the results of this thesis will be discussed, compared with each
other and ranked according to the state of the art. The thesis is composed of the four topics
listed below:

e Enzymes coupled to QD-modified gold electrodes via redox mediators (P4.1,
chapter 4.1)

e InGaN/GaN NWs for the detection of NADH (P4.2, chapter 4.2)

e 3D IO-TiO; electrodes with integrated sulfonated polyanilines and PQQ glucose
dehydrogenase (P4.3, chapter 4.3)

e 3D IO-TiO; electrodes with integrated PbS QDs, osmium complex-containing
redoxpolymer and FAD-dependent glucose dehydrogenase (P4.4, chapter 4.4)

A schematic structure overview of the individual PEC systems is illustrated in figure 9.
All studies share the same concept of using photoactive elements for the coupling with
enzymatic reactions or at least enzymatic cofactors, giving access to the construction of
light-driven signal chains for sensing and power-supply. In the first part, the different
strategies for the construction of light-sensitive electrodes will be discussed and key
functions of these PEC electrodes such as the influence of the electrode material on the
photocurrent direction and the excitation wavelength range will be elaborated. The second
part of the discussion is dealing with the performance of the constructed photocatalytic
anode for the oxidation of NADH (P4.2) and three biophotocatalytic anodes for the
oxidation of glucose (P4.1, P4.3 and P4.4). To compare the performance of these systems
with each other, but also with previous NADH or sugar converting PEC approaches,
important PEC parameter have been evaluated, including the maximum photocurrent
response, the onset potential for the analyte oxidation and the detection range. Here, it
has to be mentioned that a quantitative comparison with previous PEC reports is
challenging, since often different conditions, e.g. light source, light intensity and applied
bias, have been used and thus only a rough evaluation of the PEC systems can be given.
The most important parameter of all PEC electrodes constructed in this thesis are

summarized in table 1.
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Figure 9. Schematic overview of the constructed PEC electrodes, showing the main components
of P4.1, P4.2, P4.3 and P4.4.

105



5 Discussion

Table 1. PEC parameter of the light-switchable electrodes constructed in this thesis.

Paper Analyte  Jmax Ubonset VS. Dynamic detection  Kapp
[uA cm?] Ag/AgCI[V] range [mM] [mM]

P4.1(1) Au|QDs|Fc- glucose 6 - 0.005 - 0.1 0.028

COOH%|PQQ-GDH

P4.1(2) Au|QDs|Fc- glucose 0.6 - 0.01-0.5 0.033

COOH"[PQQ-GDH

P4.1(3) Au|QDs| fructose 8 - 0.05-10 0.74

HCFSFDH

P4.2 n-Si[InGaN/GaN | NADH 104 -0.3 0.001 -10 0.73

NWs

P4.3 FTOI|IO-TiO,| glucose  44.7 -0.315 0.01-0.25 0.049

PMSA1|PQQ-GDH

P4.4 FTOIO-TiO,PbS | glucose 207 -0.54 0.01 - 50 2.9

|Pos] FAD-GDH

S-_soluble, ! - immobilized

5.1  Connecting photoactive entities with electrodes

The contact of the electrode with the photoactive entity is of great importance for the
separation of generated charge carriers and thus the formation of a photocurrent.
Therefore, a good connection is key for the construction of efficient PEC electrodes.
Different immobilization strategies have been applied and characterized within this
thesis, which can be divided into three approaches: 1) Assembly of light-sensitive entities
to electrodes via bifunctional reagents (P4.1), 2) assembly of light-sensitive entities to
electrodes without bifunctional reagents (P4.3), and 3) direct synthesis of light-sensitive
entities on electrodes (P4.2 and P4.4).

P4.1 follows a rather popular and widespread approach, starting with the synthesis of QDs
in solution, followed by a binding of the nanocrystals to the electrode via dithiol
compounds.’?*!1? The advantage of this strategy is mainly attributed to the production
of high quality QDs by solution-based synthesis protocols in terms of optical features,
quantum efficiency and monodispersity.*’ This allows an accurate control of the energetic
states within the semiconductor nanocrystals and can be important for the adjustment of
the respective electrode components to each other. Furthermore, the QD immobilization
via bifunctional linkers is not only limited to a certain electrode material e.g. gold, but
can be adapted to other electrode materials by simply exchanging the coupling agents.
One drawback is the need for stabilizing surface ligands in order to prevent particle
aggregation. In P4.1 the CdSe/ZnS QDs are modified with hydrophobic trioctylphophine

106



5 Discussion

oxide (TOPO) ligands and thus do not favor the stable immobilization of the nanoparticles
to gold electrodes by itself, but instead need a ligand exchange with bifunctional reagents.
The attachment of the QDs to the electrode has been realized via dithiols, which is often
difficult to control due to the tendency of dithiols to bind with both thiol groups to the
surface.!'” SEM experiments (P4.1, Fig. 2) reveal a rather homogeneous distribution of
the QDs at the BDT-modified electrode. However, obviously some nanoparticles tend to
form small aggregates, which is probably attributed to the interaction between the
hydrophobic alkane chains of the TOPO surface ligands. This could be one of the reasons
for the variations found between the prepared QD electrodes. Nevertheless, the PEC
performance of the electrode seems to be less affected and gives rise to pronounced
photocurrents. The photocurrent amplitude and behavior in the absence of redox
molecules is comparable to previous reports on QD electrodes using bifunctional linkers

for the nanoparticle fixation.””?

In order to overcome the limitation of linker molecules for the attachment of photoactive
materials, different concepts have been used in this thesis. In P4.2 InGaN/GaN NWs have
been synthesized directly on top of 2D n-doped Si electrodes by plasma-assisted
molecular beam epitaxy. This method allows the controlled growth of the NWs and
thereby provides a direct interaction between the electrode and the photoactive material.
Moreover, the NWs with a length of 550 nm and a diameter of about 72 nm give rise to
an enlarged surface area of the photoactive entity compared to P4.1, where QDs with a
diameter of 2.8 nm have been assembled on 2D gold electrodes. A comparison between
P4.1 and P4.2 is difficult, because of the different light sources and intensities used during
the experiments. While the InGaN/GaN NWs have been illuminated with monochromatic
light of 449 + 5 nm, the QDs have been excited with a white light source. Regardless, it
can be stated that the overall PEC performance in terms of the signal strength and the
noise level could be significantly improved by application of InGaN/GaN NW electrodes
(see P4.2, Fig. 6D).

In analogy to P4.1, in P4.3 the photoactive entity, i.e. sulfonated polyanilines (PMSA1),
has been firstly synthesized in solution and subsequently immobilized to TiO: electrodes,
but without the utilization of linker molecules. In this case the photoactive entity itself
enables the stable fixation to the electrode surface, which is realized via physical
adsorption and is supported by the sulfonic groups of the polymer ensuring a high
attraction to the TiO, surface.'”? This overcomes the needs for additional surface
modifications of the bare electrode and therefore simplifies the PEC electrode
construction compared to P4.1. Similar approaches have been reported for dye molecules
allowing the direct assembly to nanostructured SnO> surfaces,®® however, the utilization
of a polymer as photoactive entity for the construction of biocatalytic PEC systems is a
unique approach. Moreover, in P4.3 a further strategy for the enlargement of the electrode
surface area has been elaborated. Here, not the photoactive entity itself increase the
surface area as demonstrated for the InGaN/GaN NWs in P4.2, but a 3D inverse opal TiO2
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electrode has been constructed allowing the harboring of higher amounts of PMSA1 and
therefore help to increase the PEC performance as compared to flat electrodes.

In P4.4, PbS QDs has been synthesized via a SILAR approach on 10-TiO> electrodes.
The SILAR approach has often been applied for the construction of solar cells due to its
easy applicability and the feasibility to control the amount and size of QDs deposited via
the number of performed SILAR cycles. Despite this, QDs prepared via SILAR
approaches are often rather polydisperse compared to QDs synthesized via solution-based
procedures. The polydispersity of QDs can be an issue if the electronic states within the
QDs have to be exactly adjusted to a potential reactant, however, for the most PEC
applications highly monodisperse QDs are not required. Therefore, the SILAR process
provides a good alternative for the easy, fast and low-cost synthesis of QDs on electrodes,
which overcomes the complex, and costly synthesis and purification of QDs prepared via
solution-based protocols as well as the nanoparticle immobilization. Moreover, the 10-
TiO2|PbS electrode combines the advantages of InGaN/GaN NWs and I0-TiO2|PMSAL1
electrodes in one approach, i.e. the direct synthesis of the photoactive entity on the
electrode without any linker molecules and the large surface area of a 3D 10-TiO2

electrode.

5.2  Photocurrent direction

At this point the influence of the used electrode material on the photocurrent direction
needs to be discussed. While in P4.1 gold has been used as electrode material, in the other
studies semiconductor electrodes consisting of n-doped silicon (P4.2) and TiO, modified
FTO (P4.3 and P4.4) have been applied. In agreement with previous reports, PEC systems
based on metal electrodes give rise to anodic and cathodic photocurrents depending on
the applied potential.***®2” Therefore, metal electrodes can be exploited for the
construction of photoanodes and photocathodes, which allow the photoxidation or
photoreduction of molecules with one PEC electrode. However, the bidirectionality can
also limit the applicability of metal electrodes in PEC systems if only one direction should
run preferred. In P4.2, n-Si has been used as substrate for the InGaN/GaN NWs. The final
electrode construction favors the formation of a Schottky barrier at the
semiconductor/electrolyte interface leading to the exclusive generation of anodic
photocurrents. Also in P4.3 (I0-TiO2[PMSA1) and P4.4 (I0-TiO2|PbS QDs) only anodic
signals have been obtained, which, however, is attributable to the large band gap of TiO»,
defining the direction of the photocurrent. Here, the TiO2 conduction band represents an
electron trap for excited electrons of the photoactive entity, transporting the charge
carriers to the underlying FTO electrode. For the combination with electron-donating
enzymes the construction of such unidirectional photoanodes represent an advantage
compared to the QD-modified gold electrodes in P4.1, since oxidative reactions can be
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favored and unwanted cathodic reactions are reduced. This is reflected in higher anodic
PEC performances obtained with InGaN/GaN NWs, 10-TiO2|PMSA1 and 10-TiO2|PbS
QD electrodes.

Moreover, in P4.3 (I0-TiO2|PMSA1) it is found that the choice of the electrode material
is not only important for the photocurrent direction, but also has a fundamental impact
whether light-induced charge carriers can be separated at the electrode/PMSA1 interface
under concomitant photocurrent generation or not. It can be demonstrated that PMSAL1 is
reliant to the electronic structure of TiO; for an efficient charge carrier separation, while
at unmodified conducting FTO electrodes no photosignal has been achieved. This is
probably attributed to the fast charge carrier recombination at the FTO/polymer interface.
Such synergistic effects have already been reported previously, for instance for dopamine
sensitized TiO2, which exhibit only photocurrents under illumination with visible light if

both components are present. !¢’

5.3  Excitation range

Besides the immobilization procedure and the electrode material also the photoactive
material itself defines the performance of a PEC electrode. Particularly, the wavelength
range that can be exploited for the excitation and electron-hole pair generation is
important. For energetics, the PEC system should be able to use a large part of the sunlight
spectrum in order to increase the photon-to-current conversion efficiency. In contrast, for
sensing the wavelength range don’t have to cover the whole solar spectrum, but needs to
be broad enough to allow an adjustment of the excitation wavelength to the absorbance
properties of the analyte to prevent the joint excitation of the electrode and the molecule.
For the combination with biomolecules it is also important to exclude UV light for the
photoexcitation in order to avoid biomolecule degradation. All photoactive materials
applied in this thesis are able to use visible light for the generation of a photocurrent.
Here, the maximum usable wavelength range could be successively extended from
wavelength smaller than 500 nm for InGaN/GaN NWs (P4.2) to wavelength below
690 nm by utilization of PbS QDs (P4.4). CdSe/ZnS QDs (P4.1) allow an excitation
below 570 nm and PMSA1 (P4.3) generates first photocurrents at about 600 nm. The
differences are attributed to the material properties of the respective photoactive entities
determining the band gap and thus the needed excitation energy. Consequently, PbS as a
small band gap semiconductor exhibits the widest excitation range found for all
photoactive materials used in this thesis. A comparison with previous PEC studies
remains difficult since only a few reports have evaluated the wavelength-dependent
excitation range of their systems. Conclusions can only be drawn on the basis of the used
photoactive materials, the absorbance spectra and the applied light source. For instance,
CdS is an often utilized photoactive material in PEC system bearing a band gap of 2.4 eV
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as bulk material.?®> This theoretically corresponds to a minimum wavelength of 515 nm
required for the excitation, however, since QDs are often applied the usable solar range
is shifted to the lower wavelength according to the quantum confinement effect. The
excitation range of these systems is thus comparable with that of the InGaN/GaN NWs
used in this thesis, but smaller than of the photoactive elements used in P4.1, P4.3 and
P4.4. Also other reported PEC systems with diaminodicyanoquinodimethane
derivatives,'®® gold nanocluster'®® and TiO, NWs!?® seems to be less efficient in
exploiting the visible wavelength range and rely on a UV light to ensure a sufficient
excitation. Only for approaches using PSI as photoactive entity a similar wide excitation
range as compared to P4.4 can be achieved,®!%4?7 indicating that the photoactive
materials used in this thesis belong to the most efficient sun light-converting systems
reported so far for biophotocatalytic electrodes. The rather wide excitation range provided
for all systems is also important for sensing in order to bypass the analyte absorption of
the excitation light by adapting the wavelength of the light source as demonstrated with
InGaN/GaN NWs for the quantification of NADH (see P4.2, figure 5).

5.4  Photocatalytic activity for the oxidation of NADH

The cofactor NADH has been extensively analyzed in electrochemical studies due to its
important role in the metabolism and the potential for the combination with NADH-
converting enzymes. However, often high overpotentials of around 1 V have to be applied
to achieve electrochemical oxidation, although the redox potential of NADH is rather
negative (-0.56 V vs. SCE, pH 7).**’ The InGaN/GaN NWs overcome this limitation due
to the gained light energy allowing a first oxidation of NADH at potentials of around -0.3
V vs. Ag/AgCl, 1 M KCl. So far only one of ten previously published NADH-oxidizing
PEC electrodes achieves similar onset potentials (-0.37 V vs. Ag/AgC1).%° All other
reports have either not determined this parameter or need at least 0.2 V higher potentials
to initiate the photooxidation of NADH.3!:112:167.170-175 The InGaN/GaN NWs reach high
photocurrents of around 104 uA cm™ after addition of I mM NADH at a low potential of
0 mV vs. Ag/AgCl, 1 M KCI. Only ZnS-CdS QDs electrodeposited on graphite electrodes
(630 A cm™)!"? or on MWCNT-modified glassy carbon electrodes (1060 pA cm?)!7
give rise to higher NADH-dependent photocurrents. However, these studies already show
in the dark a NADH-dependent current response, which accounts for more than 50% of
the total current under illumination. Similar observations have also been reported in five
other approaches.'®!73 Furthermore, many of these systems need high overpotentials to
ensure a sufficient NADH oxidation. This raises the question where the NADH oxidation
actually takes place and whether these systems can be considered as PEC approaches. In
contrast, for the InGaN/GaN NWs the NADH oxidation can be precisely controlled by
switching on/off the light, demonstrating that the reaction proceeds exclusively at the
photoactive entity. Further pure PEC approaches for the NADH oxidation have so far
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only been reported for porphyrin-sensitized Sn0,,% CdSe/ZnS QD-modified gold

167 which, however, lack to reach

electrodes®! and dopamine sensitized nanoporous TiO2,
the high photocurrents of the InGaN/GaN NWs. The dynamic detection range provided
with the InGaN/GaN NWs is between 1 pM and 10 mM NADH, which is comparable
with the other PEC approaches. Lower detection limits have only been obtained for
thionine-modified MWCNTs (0.05 uM)!®°, dopamine sensitized nanoporous TiO>
(0.5 uM)'%7 and polymethylene blue-modified glassy carbon electrodes (0.1 pM).!”!
Consequently, the InGaN/GaN NWs represents currently one of the PEC electrodes with
the highest photocatalytic performance for the oxidation of NADH. This provides a solid
basis for the light-controlled detection of NADH and the future combination with NADH-

producing enzymes.

5.5 Performance of biophotoelectrodes for the conversion of
glucose

In this thesis, different strategies for the integration of the glucose converting enzymes
such as PQQ glucose dehydrogenase (P4.1, P4.3) and FAD-dependent glucose
dehydrogenase (P4.4) into PEC systems have been developed. As described in chapter
3.2.4 the strategies for establishing a photoactive entity/enzyme communication can be
classified in three generations. According to this, P4.1 and P4.4, belong to the 2"
generation of biocatalytic PEC electrodes, since redox mediators and redox polymers,
respectively, have been applied to mediate the electron transfer between the enzyme and
the photoactive entity. In contrast, in P4.3 a biophotoanode of the 3™ generation could be
constructed due to DET established between the enzyme and PMSAL as light-sensitive

element.

So far twelve biophotoanodes and six biophotocathodes have been previously reported
for the light-directed detection of glucose, of which sixteen can be classified to the 1%
generation, one to the 2™ generation and one to the 3™ generation of biophotoelectrodes.
The biophotocathodes are based on the oxygen sensitivity of various photoactive
materials, leading to a competitive situation for oxygen if combined with oxygen
consuming glucose oxidase.”>?”9%298:209 This principle allows the detection of glucose via
a reduction of the cathodic photocurrent, but is not suitable for the generation of power
from light and enzymatic substrates, since electrons from the enzymatic reaction get lost
after transfer to oxygen and therefore are not available for the PEC circuit. Another set of
publications overcome this loss of electrons by simply using H>O», which is formed by
glucose oxidase during glucose turnover, as electron donor for the generation of anodic
photocurrents.'%>13° However, one limitation of these two approaches can be seen in the
dependence on the oxygen concentration in solution, which has to be kept constant in
order to ensure a reliable operation for sensing and power supply. Moreover, the
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production of reactive oxygen species can influence the enzymatic and PEC processes.
An alternative can be seen in the combination of oxygen insensitive NAD-dependent
glucose dehydrogenase with NADH oxidizing photoactive materials, which represent the
most widely studied biophotoanodes for the detection of glucose. Here, PEC concepts

8081 jmmobilized enzyme and only NAD" in

with enzyme and NAD" in solution,
solution, 1216972174175 an{ with both, enzyme and NAD", attached to the electrode have
been presented.'®® Even if these approaches can reach rather high photocurrent densities
a drawback is that the expensive cofactor NAD" has to be added to ensure an electron
transfer between the enzyme and the photoactive entity. Also the electron transfer
pathways of some systems are not clear due to high dark currents observed after addition
of glucose.!!216%172174175 Recently, Willner et al. have reported a mediator-based
biophotoanode, using glucose oxidase wired via a redox polymer to PSI-modified
electrodes.®® In the same group also an electron transfer between ruthenium complex-
containing dyes and glucose oxidase has been demonstrated.®? Even if in both studies the
principle of light-driven electron transfer between photoactive entities and enzymes could
be shown, these systems do not provide a high performance with respect to the

photocurrent magnitude, the onset potential and the detection range for glucose.

The large number of glucose converting biophotoelectrodes reported so far, demonstrates
the strong interest in exploiting light-driven processes for sensing and feeding the
photoelectrochemical reactions with electrons from enzymatic reactions, but also reveals
that only little attention has been paid to the further development of 2" and 3™ generation
biophotoelectrodes. Here, it has to be added that also for biophotoelectrodes harvesting
non-glucose converting enzymes only a few 2" and 3™ generation PEC systems have
been reported, yet. Accordingly, the mediator-based and DET approaches presented in
P4.1, P4.3 and P4.4 can be evaluated as a progress supporting the further development of
enzymatic PEC electrodes.

5.5.1 Current density

In P4.1 the electronic linkage of PQQ-GDH to QD-modified electrodes has been realized
via the mediator ferrocenecarboxylic acid. The diffusible mediator can efficiently shuttle
electrons from the immobilized enzyme towards the photoactive element resulting in
enhanced anodic photocurrents up to 6 A cm™ in the presence of glucose. In order to
overcome the limitation of a diffusible mediator, ferrocenecarboxylic acid has been
chemically coupled to the enzyme and assembled to the PEC electrode. This functional
biohybrid system shows an electron transfer via the coupled ferrocene moieties to the
photoexcited QDs if glucose is in solution, but the PEC efficiency is about 10-fold
decreased compared to the situation with mediator in solution (0.6 pA cm). Obviously,
the coupled ferrocene moieties lack in connecting all immobilized enzymes with the
photoactive material. Also a partial inactivation of the enzymes due to the chemical
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coupling can be a reason for the reduced performance. To further improve the mediated
approach, in P4.4 a redox polymer has been used for connecting the biocatalyst with the
photoanode in a completely immobilized fashion. Therefore, the enzyme has been
embedded into an osmium complex-containing redox polymer (Pos) without any coupling
agents. First approaches with embedded PQQ-GDH have resulted in a 20-fold
amplification of the PEC signal compared to P4.1 with ferrocenecarboxylic acid coupled
to PQQ-GDH. (12 pA cm?, data not shown). However, if FAD-GDH is used much higher
glucose-dependent photocurrents have been achieved, although similar enzyme activities
have been used for the embedment into the redox polymer. This suggests that FAD-GDH
exhibit a faster electron transfer to the redox polymer than PQQ-GDH does. The best 10-
TiO2|PbS|Pos[FAD-GDH biophotoanode constructed in P4.4 reached maximum
photocurrents of 207 pA cm™ at a low potential of 0 V vs. Ag/AgCl, which exceeds the
output obtained in P4.1 with diffusible and immobilized mediator about 34.5-fold and
345-fold, respectively. A similar mediator-based biophotoanode based on PSI, redox
polymers and glucose oxidase shows two orders of magnitude lower photocurrents
(2 pA cm™) compared to P4.4.% Only one biophotoanode consisting of TiO» NWs
modified with glucose oxidase achieved distinctly higher photocurrents of about
1000 pA cm?, but at a potential of +0.3 V vs. Ag/AgCL!® This system oxidizes
enzymatically produced H>O, at the excited TiO, NWs giving rise to its extraordinary
performance. However, it has to be mentioned that the TiO> NWs already exhibit a
glucose response if no enzyme is immobilized, which indicates that besides the H2O:

oxidation also a direct oxidation of glucose could be feasible.

In P4.3, the DET between PQQ-GDH and PMSAT1 as photoactive element has been
established in a light-triggered fashion for the oxidation of glucose. This approach gives
rise to 44.7 pAcm? at 0V vs. Ag/AgCl, 1 MKCI, in the presence of glucose.
Consequently, the maximum photocurrent of P4.3 exceeds the PEC signal of P4.1 with
immobilized mediator 75-fold, but is about 5-fold smaller than the QD sensitized I0-TiO»
electrode with redox polymer and FAD-GDH (P4.4). Compared to a previously published
biophotoanode based on a ruthenium dye-modified electrode with glucose oxidase
(2 uA cm™), the signal response of the I0-TiO2|PMSA 1/PQQ-GDH electrode is found to
be about 22-fold higher.??

5.5.2 Onset potential

Another important parameter which needs to be discussed is the onset potential for
glucose oxidation. While in P4.1 the onset potential has not been determined, 10-
Ti02]PMSA1PQQ-GDH electrodes (P4.3) enable a first gain of electrons form the
biocatalytic reaction at -0.315 V vs. Ag/AgCl, 1 M KClI, which is about 0.1 V below the
redox potential of PQQ-GDH (by assuming a redox potential between -0.188 and -
0.226 V vs. Ag/AgCl, 1 M KC1).283412 This demonstrates the advantage of using the light-
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harvesting features of PMSAIl-sensitized 10-TiO; electrodes for overcoming the
limitation of the PQQ-GDH redox potential, resulting in an enhanced power output. A
further reduction of the onset potential to -0.54 V vs. Ag/AgCl, 1 M KCI could be
achieved with IO-TiO2|PbS|Pos|FAD-GDH electrodes (P4.4). This corresponds currently
to the lowest onset potentials ever reported for the biocatalytic oxidation of glucose. Also
the high performance TiO> NWs modified with glucose oxidase provide only an onset
potential of -0.3 V vs. Ag/AgCl, which is even higher than of 10-TiO2|PMSA1|PQQ-
GDH electrodes.!”

5.5.3 Detection range

Besides the photocurrent response and the onset potential, also the glucose detection
range is of great interest for biosensorial aspects. Particularly, monitoring the blood sugar
level is important for the handling of diabetes patients. Therefore, the sensor should allow
the determination of glucose concentrations of about 5 mM glucose.*?® The QD-modified
gold electrodes with ferrocenecarboxylic acid and PQQ-GDH (P4.1) provide a detection
range of 0.005 - 0.1 mM and 0.01 - 0.5 mM glucose with diffusible or immobilized
mediators, respectively. Also for [O-TiO2[PMSA1|PQQ-GDH electrodes (P4.3) a similar
detection range between 0.01 and 0.25 mM glucose has been achieved, which is not
sufficient for detecting glucose concentrations in blood. Therefore, only diluted samples
could be analyzed, because of the high sensitivity found in P4.1 and P4.3. This raises the
question why only low glucose concentrations can be detected using these
biophotoanodes, although the Kwm value of PQQ-GDH in solution is much higher
(Km.sol ~ 25 mM).#08259.283 Generally, it can be suggested that at least one electron transfer
step within the light-driven signal chain limits the performance. This can either be the
electron transfer of the QDs with the electrode or with the enzyme. A rather small
concentration range is not a peculiarity of light-triggered PEC approaches, but have
already been reported previously for light insensitive electrodes harboring PQQ-
GDH.#0%:289.275.276429 This may give a hint that a restricted detection range is mainly
induced by a rather slow electron subtraction from the substrate-reduced PQQ-GDH
limiting the overall performance, but less by the electron transfer between the photoactive
entity and the electrode. This is supported by the finding that IO-TiO:|PbS
biophotoanodes prepared with PQQ-GDH and an redox polymer also lead to relatively
small detection ranges up to 0.5 mM glucose (data not shown), while under identical
conditions biophotoanodes prepared with FAD-GDH allow a detection up to 50 mM
glucose and thereby exhibit significantly larger currents (see P4.4). Nonetheless, more
experiments are needed to fully enlighten this aspect. However, by using biophotoanodes
prepared with FAD-GDH (P4.4) the detection range could be distinctly enlarged to
0.0l mM - 50 mM glucose, which is suitable for the detection of relevant glucose
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concentrations found in blood. Compared to previous published biophotoelectrodes, P4.4

provides the broadest glucose detection range of all systems.

In summary, it can be stated that the performance of biophotoanodes in terms of signal
stability, excitation range, photocurrent response, onset potential and detection range
could be successively improved within this thesis. This paves the way for the application
of these concepts for light-directed sensing, but also for the generation of power from sun
light and sugars.
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6  Summary

This thesis explores different strategies for the construction of light-converting
photoanodes and studies their interaction with enzymatic reactions or enzymatic co-

factors for the application in light-driven biosensors and biophotoelectrochemical cells.

In the first part of the thesis (P4.1), presynthesized QDs have been coupled by a dithiol
to gold electrodes, resulting in the generation of pronounced photocurrents under
illumination. Wavelength-dependent measurements verify that the photocurrent follows
the absorbance features of the QDs in solution, which indicates that the nanoparticles
retain their characteristic photophysical properties upon immobilization onto the gold
electrode. First photocurrents have been observed at wavelength below 570 nm. To
electronically connect redox enzymes to the QD-modified electrodes the capability of
small redox molecules to transfer and shuttle electrons between biocatalysts and
photoexcited QDs have been analyzed. The QD electrodes show a photocurrent response
in the presence of the redox mediators hexacyanoferrate and ferrocenecarboxylic acid,
giving rise to the concentration-dependent determination of both compounds. It is found
that for hexacyanoferrate exclusively the oxidation can be followed via generation of an
amplified anodic photocurrent, while for ferrocenecarboxylic acid both, oxidation and
reduction, can be observed depending on the applied bias. These findings have provided
the basis for the construction of light-triggered biocatalytic signal chains by
immobilization of the enzymes PQQ glucose dehydrogenase (PQQ-GDH) or fructose
dehydrogenase (FDH) to the QD electrode and electron-shuttling mediators in solution.
Upon addition of substrate the enzymatic reaction is switched on, resulting in the
reduction of the mediator that is subsequently oxidized at the excited QD electrode under
concomitant generation of an enhanced anodic photocurrent. This approach gives access
to the concentration-dependent determination of fructose and glucose by combination of
FDH with hexacyanoferrate and PQQ-GDH with ferrocenecarboxylic acid, respectively.
The study also reveals that both, PQQ-GDH and ferrocenecarboxylic acid, can be
assembled together onto QD electrodes via chemical coupling of the redox mediator to
the enzyme, allowing the electron transfer from the biocatalyst towards the mediator to
the QDs in a complete immobilized fashion at a potential of 0.1 V vs. Ag/AgCl, 1 M KCL
This passes over the needs for soluble mediators and demonstrates one strategy for the
functional integration of both, mediator and biocatalyst, into photoelectrochemical
electrodes.

The second part of the thesis (P4.2) is dedicated to the photoelectrochemical analysis of
the enzymatic co-factor NADH by means of InGaN/GaN nanowire heterostructures.
Furthermore, this study was also aimed to overcome some limitations found in P4.1 such
as the challenging immobilization of the QDs by the direct growth of the NWs to an n-Si

substrate via molecular beam epitaxy. The excited InGaN/GaN NWs give rise to the
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formation of stable anodic photocurrents in a rather large potential and pH-range
revealing its broad applicability. The unidirectional photocurrent can be attributed to the
formation of a Schottky-type barrier at the n-semiconductor/electrolyte interface, which
is also reflected in the photoluminescence properties of the NWs. Here, the NWs allow
the photoexcitation with visual light at wavelength below 500 nm. The rather wide
excitation range found is crucial for the light-triggered detection of NADH, since the
strong absorbance of NADH in the UV region impedes the generation of a photocurrent,
but can be overcome by application of wavelength above 400 nm. The photocatalytic
NADH oxidation starts at rather negative potentials of -0.3 V vs. Ag/AgCl, 1 M KCI,
allowing the detection of NADH in the range between 5 uM and 10 mM at low electrode
bias. Here, the InGaN/GaN NWs exhibit an excellent sensitivity of 91 pA mM™! cm? for
NADH. Thus, some previously reported limitations for the NADH oxidation at
electrodes, including the needs for high overpotentials or surface fouling of the electrode,
can be prevented by application of the InGaN/GaN NWs and light-directed read-out. This
makes the InGaN/GaN NWs not only interesting for the detection of NADH, but also
provides the basis for the combination with NADH-producing biocatalysts and the

analysis of enzymatic substrates.

In the third part of this thesis (P4.3), sulfonated polyanilines (PMSA1) and PQQ-GDH
have been integrated into inverse opal TiO» electrodes. Here, PMSAI1 provides
photoactivity for visible light and ensures the efficient electronic linkage of the enzymatic
reaction to the IO-TiO; electrode. The 10-TiO: electrodes have been prepared by a
template approach and spin coating allowing the scalability of the IO-film thickness and
thus a tunability of surface area for the integration of high amounts of PMSA1 and PQQ-
GDH. Upon illumination an anodic photocurrent is formed, which is enhanced in the
presence of glucose, confirming the successful assembly of PMSA1 and PQQ-GDH.
Here, the biohybrid electrode exhibit a photocurrent onset at a wavelength of around
600 nm. It is also found that the 3D structure of the I0-TiO> electrode is fundamental to
provide the functionality of the whole biohybrid system, i.e. to generate large
photocurrents and to ensure glucose sensitivity. Moreover, the influence of the IO-film
thickness and the assembly strategy used for PMSA1 and PQQ-GDH integration on the
glucose-dependent photocurrent has been evaluated. The final 10-TiO2[PMSA1[PQQ-

Z at a

GDH architecture reaches maximum photocurrent densities of 44.7 pA cm’
comparable low potential of 0 V vs. Ag/AgCl, 1 M KCI and allows a first gain of
electrons from the biocatalytic glucose conversion at -0.315 V vs. Ag/AgCl, 1 M KCl
under illumination with 100 mW c¢m™. Therefore, the biohybrid architecture allows the
photobiocatalytic substrate oxidation at potentials below the enzymatic redox potential,
which demonstrates the beneficial conditions found for the light-driven conversion of

glucose.

In the fourth part of this thesis (P4.4), the high surface area of I0-TiO: electrodes has
been exploited for the integration of PbS QDs, an osmium complex-containing redox
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polymer and FAD-dependent glucose dehydrogenase (FAD-GDH). In this case electron-
hole pairs are generated within the QDs upon photoexcitation, resulting in an electron
injection into the TiO; conduction band and the oxidation of the redox polymer. The
oxidized redox polymer is regenerated by the enzymatic reaction in the presence of
glucose and therefore feeds the photoelectrochemical reaction with electrons from the
glucose turnover. This results in amplified anodic photocurrents, allowing the
concentration-dependent glucose detection between 10 uM and 50 mM glucose. Here,
the biohybrid architecture provide a wide excitation range and enables a first generation
of photocurrents at a wavelength of 690 nm. Moreover, the glucose-dependent
photocurrent can be controlled by the 10-film thickness, the QD loading, the applied
potential and the light intensity. The optimized biohybrid system give rise to high
photocurrents of about 207 pA cm™ at 0 mV vs. Ag/AgCl, 1 M KCl, and exhibit a first
gain of electrons from the biocatalytic reaction at quite negative potentials of -0.54 V vs.
Ag/AgCl, 1M KCI, which is outstanding low compared to previous studies. The
biohybrid system combines the advantages of a high surface area of IO-films, an efficient
charge carrier generation and separation at the QDs/Ti0Oz interface, and an efficient wiring
of FAD-GDH to the QDs via a redox polymer, resulting in biophotoanodes of high
performance for sensing and power-supply.

In conclusion, it can be stated that within this thesis improvements in the construction of
photobioelectrochemical electrodes have been achieved with respect to the stability of the
photocurrent signal, the photocurrent magnitude and also the onset potential of the light-
directed photocatalytic NADH oxidation and biophotocatalyic glucose conversion. Also
the dynamic range for the detection of glucose could be successively improved in this
thesis. Moreover, the four constructed photoelectrodes provide a wide wavelength range
for the excitation, which allow an adjustment to the absorption properties of the analyte
by simply adapting the illumination wavelength. Therefore, this thesis has been dealing
with different aspects of photobioelectrochemical systems. On the one hand, different
photoactive materials such as CdSe/ZnS and PbS QDs, InGaN/GaN NWs and sulfonated
polyanilines have been studied. On the other hand, the coupling of these photoactive
entities to electrodes via linker molecules, physical adsorption or the direct growth of
photoactive nanostructures on electrodes have been analyzed. The interaction of
photoelectrochemical electrodes with diffusible and immobilized redox molecules has
been a further focus of this work. Moreover, new strategies for the efficient electronic
linkage of enzymes to photoactive entities could be shown in a mediated fashion or via
direct electron transfer.

The approaches presented in this thesis may provide the basis for the photonic wiring of
other interesting redox enzymes and the detection of the respective enzymatic substrates.
This offers new perspectives for sensing, since multiplexing by spatially resolved
immobilization of different enzymes in combination with a localized read-out by means

of a light beam seems to be feasible and would allow the detection of several analytes in
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parallel. Furthermore, the developed biophotoanodes could be applied in bioenergetic
systems, allowing the generation of power from sun light and energy-rich compounds.
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Supporting Information: Connecting quantum dots with enzymes:
mediator-based approaches for the light-directed read-out of glucose and

fructose oxidation
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Fig. S1 Absorption and fluorescence spectra of CdSe/ZnS QDs in chloroform.
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Fig. S2 Absorption spectra of 100 uM ferrocenecarboxylic acid, hexacyanoferrate(Il) and
hexacyanoferrate(IIl) in 100 mM HEPES pH 7.
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Fig. S3 Impedance spectra of a clean gold electrode (black symbols) and after modification with
BDT (red symbols) and QDs (blue symbols) in the dark depicted as Nyquist plot. Inset:
Magnification of the Impedance spectra. (100 mM sodium phosphate buffer pH 7, 2 mM
hexacyanoferrate(Il/II), 100 kHz — 1 Hz, 5 mV AC amplitude, OCP vs. Ag/AgClL, 1 M KCl)
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Fig. S4 Wavelength dependence of the photocurrent change Al of a CdSe/ZnS-modified gold
electrode in buffer (black circle) and after addition of 200 pM hexacyanoferrate(Il) (open
triangle). For a better comparison the photocurrent is normalized to the value at 400 nm. (100 mM
HEPES pH 7, -0.2 V vs. Ag/AgCl, 1 M KCl) Additionally the absorbance spectra of the used
CdSe/ZnS QDs dissolved in chloroform is depicted (blue line).
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Fig. S5 Normalized photoluminescence spectra of a 1 uM CdSe/ZnS QDs solution in the absence
and presence of ferrocenecarboxylic acid (A) and hexacyanoferrate(Il) (B) with different ratios.
For hexacyanoferrate(Il) and ferrocenecarboxylic acid an excitation wavelength of 420 nm and
380 nm, respectively has been used.
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Fig. S6 Chopped light voltammetry of a QD electrode in the absence (black curve) and presence
of 500 uM hexacyanoferrate(Ill) (red curve). (100 mM HEPES pH7; light pulses of 5 s, scan rate
5 mV s’'; potential vs. Ag/AgCl, 1 M KCI from +400 mV to -400mV)
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Fig. S7 Wavelength dependence of the photocurrent change Al of a CdSe/ZnS-modified gold
electrode in buffer (black circle) and after addition of 100 pM ferrocenecarboxylic acid (open
triangle). For a better comparison the photocurrent is normalized to the value at 400 nm. (100 mM
HEPES pH 7, -0.2 V vs. Ag/AgCl, 1 M KCl) Additionally the absorbance spectra of the used
CdSe/ZnS QDs dissolved in chloroform is depicted (blue line).
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Fig. S8 Photovoltage measurements of a QD electrode in buffer (black curve) and in the presence
of 100 uM (red curve) and 500 uM redox mediator (blue curve). (100 mM HEPES pH 7, light
pulses of 20 s)
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Fig. S9 Normalized photocurrent response of QD electrodes with immobilized (PQQ)GDH and
ferrocenecarboxylic acid after addition of 100 uM glucose, 50 uM 4-acetylaminophenol (AAP),
50 uM urea, 50 uM glycine and 100 uM fructose. All values are normalized to the signal response
after addition of 100 pM glucose (100 mM HEPES pH 7; +0.1 V vs. Ag/AgCl, 1 M KCI).
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Supporting Information: InGaN/GaN nanowires as a new platform for
photoelectrochemical sensors — detection of NADH
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Fig. S1 Wavelength-dependence of the measured photocurrent of an InGaN/GaN nanowire
electrode depending on the frequency of the modulated light source. (100 mM HEPES pH 7;

5 mW cm?; 0 mV vs. Ag/AgCl, 1 M KCl)
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Fig. S2 Chopped light voltammetry of InGaN/GaN nanowires grown on Si substrate depending
on the wavelength of the illuminated light. (100 mM HEPES pH 7; 5 mW cm?; light pulses of
5's; 5 mVs!; between 500 mV and +500 mV vs. Ag/AgCl, 1 M KCl)

140



Appendix

_-—pH9 100 m\W cm”
120 . oH 8
pH 7 75 mwem®
1009 pHe Kb
1 H5
— 80- P 50 mWem® \
£ ]
(=
< 60
by ] 26 mWem®
40
1 10 mWem™
20 ~ 5mwem”
1 1 mwWem? E m ml Im
(o] M _ 7/"—“ . Ll
T T T T T
0 50 100 150
Time [s]

Fig. S3 Photochronoamperometric measurements of an InGaN/GaN nanowire electrode at
different light intensities and pH. (100 mM HEPES; light source 449 nm +/- 5 nm; light pulses

of 10 s; 0 mV vs. Ag/AgCl, 1 M KCI)
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Fig. S4 Photochronoamperometric measurement of an InGaN/GaN NW electrode under
continuous illumination over 20 min. (100 mM HEPES pH 7; light source 449 nm +/- 5 nm;

10 mW cm?; light pulses of 10 s; 0OmV vs. Ag/AgCl, 1 M KCl)
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Fig. S5 Photocurrent measurement of an InGaN/GaN nanowire electrode before and after
addition of 1 mM NAD". (100 mM HEPES pH 7; light source 449 nm +/- 5 nm; 10 mW cm?;
light pulses of 10 s; 500 mV vs. Ag/AgCl, 1 M KCl)
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Fig. S6 Photocurrent measurement of an InGaN/GaN nanowire electrode before and after
addition of 50 pM NAD" and 500 uM NAD". (100 mM HEPES pH 7; light source 369 nm;

10 mW cm?; light pulses of 10 s; 0 mV vs Ag/AgCl, 1 M KCl)
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Fig. S7 Photocurrent measurement of a GaN nanowire electrode before and after addition of

ImM NADH. (100 mM HEPES pH 7; light source 449 nm +/- 5 nm; 10 mW c¢m™; light pulses
of 10 s; 500 mV vs. Ag/AgCl, 1 M KCI)
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Fig. S8 Photocurrent measurement of a Si electrode before and after addition of ImM NADH.
(100 mM HEPES pH 7; light source 449 nm +/- 5 nm; 10 mW c¢m™; light pulses of 10 s; 500 mV

vs. Ag/AgCl, 1 M KCI)
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Fig. S9 Bode plot (A) and Nyquist plot curves (B) of an InGaN/GaN NW electrode in dark or
illuminated in the absence and the presence of 1 mM NADH. (100 mM HEPES pH 7; light source
449 nm +/- 5 nm; 10 mW cm%; light pulses of 10 s; 0 mV vs. Ag/AgCl, 1 M KCI; AC amplitude

10 mV; frequency range 0.1 Hz — 10 kHz)
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Fig. S10 Photocurrent change Al of an InGaN/GaN nanowire electrode after addition of ImM
NADH at different light intensities and potentials. (100 mM HEPES pH 7; light source 449 nm
+/- 5 nm; light pulses of 10 s; vs. Ag/AgCl, 1 M KCI)
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Fig. S11 Photocurrent change Al of an InGaN/GaN nanowire electrode after addition of 1mM
NADH at different light intensities and pH. (100 mM HEPES; light source 449 nm +/- 5 nm;
light pulses of 10 s; 0 mV vs. Ag/AgCl, 1 M KCI)
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Fig. S12 Photocurrent measurement of an InGaN/GaN nanowire electrode and successive
addition of NADH. (100 mM HEPES pH 7; light source 449 nm +/- 5 nm; 10 mW cm; light
pulses of 10 s; 0 mV vs. Ag/AgCl, 1 M KCl)
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Fig. S13 Normalized photocurrent response of an InGaN/GaN nanowire electrode for 10
repetitive measurements of 200 uM NADH. All values are normalized to the signal response
obtained for the first measurement. (100 mM HEPES pH 7; light source 449 nm +/- 5 nm;
10 mW cm%; light pulses of 10 s; 0 mV vs. Ag/AgCl, 1 M KCI)
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Fig. S14 Photocurrent measurement of an InGaN/GaN nanowire electrode after addition of
200 uM NADH and in the presence of potential interfering molecules such as ascorbic acid (AA),

urea (U) and uric acid (UA). (100 mM HEPES pH 7; light source 449 nm +/- 5 nm; 10 mW cm’
Z; light pulses of 10 s; 0 mV vs. Ag/AgCl, 1 M KCl)

Verification of NAD* production during the photoelectrochemical NADH oxidation
at the InGaN/GaN NWs
The NAD/NADH-Glo assay from Promega has been used to confirm that NAD™ is

produced during the oxidation of NADH at the illuminated InGaN/GaN NWs. Therefore,
photochronoamperometric measurements are carried out in the presence of 100 pM
NADH at a potential of 0 mV vs. Ag/AgCl, 1 M KCI under continuous illumination (see
Fig. S15A). Samples are removed from the cell during the measurement (5 min, 10 min
and 15 min) for the assay. Additionally, a calibration curve with pure NAD" solution
ranging from 3.125 nM to 100 nM is recorded and control samples (buffer, 100 uM
NADH) have been collected. To destroy the excess of NADH acidic thermal treatments
of the samples have been performed according to the assay protocol. Afterwards the
samples have been analyzed by following the luciferin oxidation (luminescence signal)
of the enzymatic assay, which correlates to the concentration of NAD™ in the sample. As
illustrated in Figure S15B raising NAD" concentrations have been found with increasing
illumination time. In contrast, by continuous illumination of the sample in the absence of
the InGaN/GaN NWs no NAD" has been detected. This proves that the assay signal can
be attributed to the photocatalytic conversion at the illuminated InGaN/GaN NWs.

To check whether the assay correlates with the photoelectrochemical data the NAD®
concentration has been calculated from the transferred charge during the illumination
according to the following equation: n = Q/(F*z) ; n = amount of substance (mol), Q =
transferred charge (As), F = faraday constant (C mol™), z = transferred electrons per
molecule (2 €). Here, it has to be mentioned that an accurate calculation of the NADH-
dependent charge is difficult, since the basic photocurrent (measured in buffer without
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NADH oxidation) cannot be clearly separated from signal based on NADH oxidation.
However, for the calculation of Q we assume that the NADH oxidation at the NWs is a
cumulative effect; accordingly we have subtracted the basic photocurrent (without
NADH) from the signal in the presence of NADH (as schematically depicted by the red
line in Figure S15A). The NAD" concentration calculated from the charge transfer and
from the assay is summarized in Figure S15B. While after 5 min (sample 1) similar results
can be obtained for the photoelectrochemical and assay data, after 10 min and 15 min
higher NAD" concentrations have been determined with the assay. This variation can be
attributed to the inaccurate calculated NADH-dependent charge, since a constant basic
photocurrent (without NADH) has been assumed for the calcualtion. However, the results
show that NAD™ is the main product of the photoelectrochemical oxidation of NADH at
the InGaN/GaN NWs.
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Fig. S15 (A) Photocurrent measurement of an InGaN/GaN nanowire electrode before and after
addition of 100 uM NADH (100 s). Samples have been removed from the measurement cell for
the NAD/NADH-Glo assay from Promega after 5 min, 10 min and 15 min continuous
illumination. (100 mM HEPES pH 7; light source 449 nm +/- 5 nm; 10 mW c¢cm?; 0 mV vs.
Ag/AgCl, 1 M KCl) (B) Calculated NAD" concentration according to the photoelectrochemical
data (charge transfer) and to the NAD/NADH-Glo assay from Promega after 5 min, 10 min and
15 min reaction at the InGaN/GaN NWs under illumination.
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Supporting Information: Integration of enzymes in polyaniline-sensitized
3D inverse opal TiO, architectures for light-driven biocatalysis and light-to-

current conversion
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Figure S1Transmission spectra of FTO electrodes before and after deposition of 1 and 2 sintered
layers of 10-TiO; structures.
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v 2, 1opm
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Figure S2 SEM images of differently prepared I0-TiO; electrodes. Influence of the rotating speed
during spin coating (A; 100 mg/ml TiO, + 100mg/ml LB; Eth:H,0 1:1), of the ratio of the TiO,
nanoparticle/ latex beads mixture (B; Eth:H,O 1:1; 40 rps), the solvent (C; 100 mg/ml TiO, +
100mg/ml LB; 40 rps), the amount of the TiO; nanoparticle/ latex beads mixture (D; Eth:H,0 1:1;
40 rps) for 1 layered 10-TiO; electrodes. (E) Preparation of 3 layered I0-TiO; electrodes with and
without a sintering step between the deposited layers (100 mg/ml TiO; + 100mg/ml LB; Eth:H,0
1:1; 40 rps). All experiments have been performed with a 2500x magnification by applying an
acceleration voltage of 20 kV.
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Figure S3 SEM images of 1 layer (A), 2 layer (B), 3 layer (C) and 4 layer (D) 10-TiO; electrodes for
2500x, 8000x and 25000x magnification recorded from the top and under an angle of 45° with a
2500x magnification by applying an acceleration voltage of 20 kV (from left to right). (E)
Photographic image of the prepared 10-TiO; electrodes with different number of layers before
and after incubation with 2 mg mI"t PMSA1 in 5 mM MES + 5 mM CaCl, for 1 h. The successful
polymer assembly can be seen by a coloration of the 10-TiO, electrodes from white to green.

151



Appendix

n
[l

Height [um]
i

N
1

1 2 3 4

Number of layers

Figure S4 Height of the IO-TiO, electrodes with increasing number of layers. The values are
obtained from the SEM measurements at an angle of 45°.

206V WD16m 5
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Figure S5 SEM images of 3 layered TiO; electrodes prepared with latex beads (LB, A), without LB
(B) and with polyethylene glycol (PEG, C) for 2500x, 8000x and 25000x magnification recorded
from the top by applying an acceleration voltage of 20 kV (from left to right).
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Figure S6 UV/VIS spectra of 50 pg mlI* PMSA1 in 5 mM MES + 5 mM CaCl, pH 6.5.
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Figure S7 Photocurrent density response of 3 layered PMSAl-sensitized 10-TiO,, flat TiO;
(prepared without latex beads) and PEG-TiO; electrodes (prepared with PEG instead of LB) at
different light intensities in buffer solution (without additional electron donor). (2 mg ml?
PMSA1 in 5mM MES + 5 mM CaCl, pH 6.5 for 1 h; white light source; 0 mV vs. Ag/AgCl, 1 M KCI;
5 mM MES + 5 mM CaCl, pH 6.5)
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Figure S8 Photocurrent density response of 3 layered 10-TiO; after immobilization of 2 mg ml*?
PMSA1 under different Ca%* concentrations at different light intensities in buffer solution
(without additional electron donor). (2 mg mI PMSA1 in 5mM MES + X mM CaCl, pH 6,5 for 1 h;
white light source; 0 mV vs. Ag/AgCl, 1 M KCl; 5 mM MES + 5 mM CaCl, pH 6.5)
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Figure S9 Photocurrent density change Al after addition of 10 mM glucose for 3 layered 10-
TiO,|PMSA1|PQQ-GDH electrodes prepared under different Ca?* concentrations. (2 mg ml?
PMSA1 in 5mM MES + X mM CaCl, pH 6,5 for 1 h; 2 mg mIt PQQ-GDH in 5 mM MES + 5 mM
CaCl, pH 6.5 for 1 h; white light source; 10 mW cm?2; 0 mV vs. Ag/AgCl, 1 M KCl; 5 mM MES +

5 mM CaCl, pH 6.5)
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Figure S10 QCM measurement of the PMSA1 assembly on a gold chip in dependence of the
cation concentration. All measurements have been performed in 5 mM MES + 5 mM CaCl, as
starting buffer in the presence (A,C) and absence of 1.5 mg mlI’* PMSA1 (B) by successively

increasing the CaCl; (A, B) or NaCl (C) concentration. The experiments have been performed in
a batch cell.
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Figure S11 Current density of 3 layered I0-TiO, | PMSA1|PQQ-GDH electrodes in dependence on
the applied potential in the presence of 10 mM glucose and in the dark. (5 mV s%; potential vs.

Ag/AgCl, 1 M KCl; 5 mM MES + 5 mM CaCl, pH 6.5)
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Figure S12 Cyclic voltammetry of a PMSA1 and PQQ-GDH modified FTO electrode in the absence
(black curve) and presence of 10 mM glucose (red curve). (2 mg mIt PMSA1 in 5mM MES + 5 mM
CaCl, pH 6.5 for 1 h; 2 mg mIt PQQ-GDH in 5mM MES + 5 mM CaCl, pH 6.5 for 1 h; potential vs.
Ag/AgCl, 1 M KCl from -0.3 Vto + 0.4 V; 10 mV s'}; 5 mM MES + 5 mM CaCl, pH 6.5)
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Figure S13 Photochronoamperometric measurement of a 3 layered PMSA1-sensitized 10-TiO;
electrode with immobilized PQQ-GDH under continuous illumination over 30 min (100 mW cm"
2) with and without 10 mM glucose. (2 mg ml* PMSA1 in 5mM MES + 100 mM CacCl, pH 6,5 for
1 h; 2mg ml?* PQQ-GDH in 5mM MES + 5mM CaCl, pH 6,5 for 1 h; white light source;
100 mW cm?; -100 mV vs. Ag/AgCl, 1 M KCl; 5 mM MES + 5 mM CaCl, pH 6.5)

Photocurrent measurement without glucose conversion (absence of enzyme substrate): After
30 min illumination of the 3 layered PMSA1-sensitized |0-TiO, electrode in buffer the
photocurrent shows a strong decline, which suggests that the polymer is almost completely
oxidized. The transferred charge is about 3.3 mC cm™, which corresponds to 2.06*10® e cm™.
The surface concentration of PMSA1 is determined to be around 8 pg cm=. This corresponds to
an aniline surface concentration of 39.34 nmol cm2 by using an average M, of 203.33 g mol™?
per monomer. According to this, the amount of aniline molecules is 2.37*10% aniline per cm=.
It is found that this monomer amount correlates to the transferred charge during the
photoelectrochemical measurement (2.06*10% e~ cm™). This may indicate that PMSA1 acts as
an electron reservoir for the photoelectrochemical process in the absence of glucose. In the
presence of glucose a much higher charge can pass the electrode (27.3 mCcm?) and the
photocurrent is by far not so strongly declining. This underlines the importance of the sugar
oxidation process for the supply of electrons for the photoelectrochemical process of the
biohybrid system.
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Figure S14 (A) UV/VIS spectra of 0.05mg ml* PMSAL1 dissolved in DMSO. (B) UV/VIS spectra of
PMSAL1 after extraction from 10-TiO; electrodes with DMSO for different numbers of layers. For
the immobilization of the polymer onto the I0-TiO, electrodes a concentration of 2 mg mltin
5mM MES + 5 mM CaCl, has been used. (C) UV/VIS spectra of PMSA1 after extraction from
3 layered I0-TiO; electrodes (red curve), 3 layered flat TiO, electrodes prepared without latex
beads (green curve) and 3 layered TiO, electrodes prepared with PEG instead of latex beads
(blue curve). For the immobilization of the polymer onto the TiO; electrodes a concentration of
2 mg mlItin 5 mM MES + 5mM CaCl, has been used. (D) UV/VIS spectra of PMSA1 after
extraction from 3 layered 10-TiO, electrodes for different Ca** concentrations used during
immobilization of 2mg mI PMSA1.
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Supporting Information: Light as Trigger for Biocatalysis: Photonic
Wiring of Flavin Adenine Dinucleotide-Dependent Glucose Dehydrogenase

to Quantum Dot-Sensitized Inverse Opal TiO2 Architectures via Redox

Polymers

30kV WD19mm S835 x2,500 10um

= Number of layers

Figure S1 (A) SEM images of 4 layered [0-TiO, electrodes and (B) 4 layered TiO- electrodes
prepared without latex beads for 2500-fold, 8000-fold and 25000-fold magnification recorded
from the top by applying an acceleration voltage of 30 kV (from left to right). (C) SEM images
of a4 layered IO-TiO; electrode under an angle of 45° with a 2500-fold magnification by applying
an acceleration voltage of 30 kV. (D) Height of IO-Ti0O; electrodes for different number of layers.
The values are obtained from the SEM experiments at an angle of 45°.

159



Appendix

100?
X
o=
o
g 10+
= ]
7]
& ——FTO
- — 2 layer
4 layer
14 — 6 layer
] 8 layer

400 500 600 700 800 900 1000
Wavelength [nm]

Figure S2 Transmission spectra of FTO electrodes before and after deposition of different number
of layers of I0-TiO; structures in ethanol.
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Figure S3 Transmission of FTO electrodes before and after deposition of different number of
layers of 10-TiO; structures at different wavelengths in ethanol.
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Figure S4 Transmission spectra of 4 layered flat TiO» (prepared without latex beads) and 10-
TiO; structures in ethanol.
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Figure S5 Absorbance spectra of 4 layered 10-TiO; structures after deposition of PbS QDs for
different number of SILAR cycles in ethanol. The different plotted spectra are obtained by
subtracting the UV/VIS absorption spectra of I0-TiO; electrodes without QDs from the spectra
of electrodes with QDs.
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Figure S6 Photochronoamperometric measurement of a 4 layered 10-TiO; electrode before
(black curve) and after deposition of PbS QDs (4 SILAR cycle, red curve) in the absence of
electron donors. The inset displays the light intensity spectrum of the used white light source
(which was switched on from 10 s to 20 s), demonstrating that no UV light is used during
illumination (white light source; 50 mW cm™?; 0 mV vs. Ag/AgCl, 1 M KCIl; 5 mM HEPES pH 7).
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Figure S7 Photochronoamperometric measurement of a 4 layered I0-TiO2|PbSacycie|Pos electrode
without FAD-GDH before and after addition of 10 mM glucose (chopped white light source;
10 mW cm?;, 0 mV vs. Ag/AgCl, 1 M KCI; 5 mM HEPES pH 7).

162



Appendix

254
204
+10 mM glucose
154
£
(]
< 104
5_
J
LUy
0 50 100 150 200
Time [s]

Figure S8 Photochronoamperometric measurement of a 4 layered [0-TiO2|PbS4cycie| FAD-GDH
electrode without Pos before and after addition of 10 mM glucose. Therefore, 4 ul of 5 mg ml!
FAD-GDH in 5 mM HEPES pH 7 has been drop-casted onto the electrode and incubated for
15 min in the dark (chopped white light source; 10 mW ¢cm™; 0 mV vs. Ag/AgCl, 1 M KCl; 5 mM
HEPES pH 7).
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Figure S9 Photochronoamperometric measurement of a 4 layered I0-TiO2|PbSacycie|Pos|FAD-
GDH electrode and an I0-TiO2[PbSacycie electrode under illumination in pulse mode over 30
min in the presence of 10 mM glucose. The photocurrent has been normalized to the first light
pulse (chopped white light source; 10 mW cm?; pulse time 20s; 0 mV vs. Ag/AgCl, 1 M KCI,
5 mM HEPES pH 7).
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Figure S10 Photochronoamperometric =~ measurement of a 4 layered IO-
TiO|PbSacycie|Pos] FAD-GDH and a flat TiO;|PbSacycie|Posf FAD-GDH electrode (prepared

without latex beads) at different light intensities in the absence and presence of 10 mM
glucose (chopped white light source; 0 mV vs. Ag/AgCl, 1 M KCI; 5 mM HEPES pH 7).
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Figure S11 Current density of an 8 layered 10-TiO;|PbSacycie|Pos] FAD-GDH electrode in
dependence of the applied potential in the dark with 100 mM glucose (black curve) or under
continuous illumination with 100 mW c¢m™ in the absence (red curve) and presence of
100 mM glucose (blue curve) (white light source; 100 mW cm?; potential vs. Ag/AgCl, 1 M
KCI; 5 mM HEPES pH 7).
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Figure S12 Cyclic voltammetry of a Pos and FAD-GDH modified FTO electrode in the
absence and presence of different glucose concentrations in the dark (potential vs. Ag/AgCl,
1 MKCI; from 0 V to +0.5 V; 5 mV s™'; 5 mM HEPES pH 7).
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Figure S13 Charge passed through an 8 layered 10-TiO2|PbSacycie|Pos|FAD-GDH electrode under
illumination over 30 min in the presence of 100 mM glucose (white light source; 100 mW cm?;

0 mV vs. Ag/AgCl, 1 M KCI; 5 mM HEPES pH 7).
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Figure S14 Absorbance spectrum of the redox polymer Pos in 5 mM HEPES pH 7.
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